Google 


This  is  a  digital  copy  of  a  book  that  was  preserved  for  generations  on  Hbrary  shelves  before  it  was  carefully  scanned  by  Google  as  part  of  a  project 

to  make  the  world's  books  discoverable  online. 

It  has  survived  long  enough  for  the  copyright  to  expire  and  the  book  to  enter  the  public  domain.  A  public  domain  book  is  one  that  was  never  subject 

to  copyright  or  whose  legal  copyright  term  has  expired.  Whether  a  book  is  in  the  public  domain  may  vary  country  to  country.  Public  domain  books 

are  our  gateways  to  the  past,  representing  a  wealth  of  history,  culture  and  knowledge  that's  often  difficult  to  discover. 

Marks,  notations  and  other  maiginalia  present  in  the  original  volume  will  appear  in  this  file  -  a  reminder  of  this  book's  long  journey  from  the 

publisher  to  a  library  and  finally  to  you. 

Usage  guidelines 

Google  is  proud  to  partner  with  libraries  to  digitize  public  domain  materials  and  make  them  widely  accessible.  Public  domain  books  belong  to  the 
public  and  we  are  merely  their  custodians.  Nevertheless,  this  work  is  expensive,  so  in  order  to  keep  providing  this  resource,  we  liave  taken  steps  to 
prevent  abuse  by  commercial  parties,  including  placing  technical  restrictions  on  automated  querying. 
We  also  ask  that  you: 

+  Make  non-commercial  use  of  the  files  We  designed  Google  Book  Search  for  use  by  individuals,  and  we  request  that  you  use  these  files  for 
personal,  non-commercial  purposes. 

+  Refrain  fivm  automated  querying  Do  not  send  automated  queries  of  any  sort  to  Google's  system:  If  you  are  conducting  research  on  machine 
translation,  optical  character  recognition  or  other  areas  where  access  to  a  large  amount  of  text  is  helpful,  please  contact  us.  We  encourage  the 
use  of  public  domain  materials  for  these  purposes  and  may  be  able  to  help. 

+  Maintain  attributionTht  GoogXt  "watermark"  you  see  on  each  file  is  essential  for  informing  people  about  this  project  and  helping  them  find 
additional  materials  through  Google  Book  Search.  Please  do  not  remove  it. 

+  Keep  it  legal  Whatever  your  use,  remember  that  you  are  responsible  for  ensuring  that  what  you  are  doing  is  legal.  Do  not  assume  that  just 
because  we  believe  a  book  is  in  the  public  domain  for  users  in  the  United  States,  that  the  work  is  also  in  the  public  domain  for  users  in  other 
countries.  Whether  a  book  is  still  in  copyright  varies  from  country  to  country,  and  we  can't  offer  guidance  on  whether  any  specific  use  of 
any  specific  book  is  allowed.  Please  do  not  assume  that  a  book's  appearance  in  Google  Book  Search  means  it  can  be  used  in  any  manner 
anywhere  in  the  world.  Copyright  infringement  liabili^  can  be  quite  severe. 

About  Google  Book  Search 

Google's  mission  is  to  organize  the  world's  information  and  to  make  it  universally  accessible  and  useful.   Google  Book  Search  helps  readers 
discover  the  world's  books  while  helping  authors  and  publishers  reach  new  audiences.  You  can  search  through  the  full  text  of  this  book  on  the  web 

at|http  :  //books  .  google  .  com/| 


V 

I 

f 


! 


MONOGRAPHS  ON  INDUSTRIAL 

CHEMISTRY 

Edited  by  Sir  Edward  Thorpe,  C.B.,  LL.D.,  F.R.S. 

Emcritns  Professor  of  General  Chemistry  in  the  Imperial  College  of  Sdenoe  and  Tcdinolocy, 
South  Kensington ;  and  fonnerly  Principal  of  the  Government  Lahoratory,  London. 

INTRODUCTION 

TOURING  the  last  four  or  five  decades  the  Appli- 
^^  cations  of  Chemistry  have  experienced  an  extra- 
ordinary development,  and  there  is  scarcely  an  industry 
that  has  not  benefited,  directly  or  indirectly,  from  this 
expansion.  Indeed,  the  Science  trenches  in  greater 
or  less  degree  upon  all  departments  of  human  activity. 
Practically  every  division  of  Natural  Science  has  now 
been  linked  up  with  it  in  the  common  service  of  man- 
kind. So  ceaseless  and  rapid  is  this  expansion  that 
the  recondite  knowledge  of  one  generation  becomes  a 
part  of  the  technology  of  the  next  Thus  the  conceptions 
of  chemical  dynamics  of  one  decade  become  translated 
into  the  current  practice  of  its  successor ;  the  doctrines 
concerning  chemical  structure  and  constitution  of  one 
period  form  the  basis  of  large-scale  synthetical  processes 
of  another ;  an  obscure  phenomenon  like  Catalysis  is 
found  to  be  capable  of  widespread  application  in 
manufacturing  operations  of  the  most  diverse  character. 
This  series  of  Monographs  will  afford  illustrations  of 
'  ^.se  and  similar  facts,  and  incidentally  indicate  their 

y  on  the  trend  of  industrial  chemistry  in  the  near 
They  will  serve  to  show  how  fundamental  and 

al  is  the  relation  of  principle  to  practice     They 


will  afford  examples  of  the  application  of  recent  know- 
ledge to  modern  manufacturing  procedure.     As  regards 
their  scope,  it  should  be  stated  the  books  are  not  intended 
to  cover  the  whole  ground  of  the  technology  of  the  matters 
to  which  they  relate.     They  are  not  concerned  with  the 
technical  minutia  of  manufacture  except  in  so  far  as  these 
may  be  necessary  to  elucidate  some  point  of  principle.    In 
some  cases,  where  the  subjects  touch  the  actual  frontiers  of 
progress,  knowledge  is  so  very  recent  and  its  application 
so  very  tentative  that   both  are   almost  certain  to  ex- 
perience  profound  modification  sooner  or  later.     This, 
of  course,  is  inevitable.     But  even  so  such  books  have 
more  than  an  ephemeral  interest.     They  are  valuable  as 
indicating  new  and  only  partially  occupied  territory ;  and 
as  illustrating  the  vast  potentiality  of  fruitful  conceptions 
and  the  worth  of  general  principles  which  have  shown 
themselves  capable  of  useful  service. 
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Liquid  Fuel  for  Internal  Combustion  Ensrines.    By  Sir  Bover- 
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TO 
THE  MEMORY  OF  MY  DEAR  WIFE 

KATE  BONE 


PREFACE 

I  HAVE  endeavoured  in  this  monograph  to  give  in  essential 
outline  an  account  of  the  present  state  of  science  and  practice 
in  relation  to  Coal  and  its  various  Uses. 

In  consenting  to  undertake  the  task  I  was  conscious,  on  the 
one  hand,  that  so  wide  and  important  a  subject  could  hardly 
be  treated  adequately  by  any  one  writer  in  a  volume  of  such 
moderate  dimensions  as  this  present.  On  the  other  hand,  I  felt 
that,  in  the  national  interest,  there  was  great  need  for  some 
responsible  scientific  worker  in  Fuel  Technology  to  review  the 
various  aspects  of  the  Coal  Question  as  it  stands  to-day.  And  as 
much  new  information  had  come  to  my  knowledge  as  Chairman 
of  the  British  Association  Fuel  Economy  Committee  in  1915-17, 
it  was  hardly  possible  for  me  not  to  accede  to  the  Editor^s 
request. 

In  drawing  up  the  scheme  for  the  book,  I  made  it  my  chief 
objective  to  give  the  scientific  public,  and  especially  the  chemical 
section  of  it,  as  clear  and  succinct  an  account  as  I  could  of  the 
statistical,  chemical,  and  technical  aspects  of  the  subject  as  a 
whole,  without  unnecessary  detail  or  too  much  mechanical 
illustration.  And  whilst  I  have  made  no  attempt  to  write  what 
would  be  called  a  scientific  treatise,  I  have  consistently  en- 
deavoured throughout  to  give  due  prominence  to  the  underlying 
scientific  principles. 

The  scheme  of  the  book  has  been  so  arranged  that,  beginning 
with  a  chapter  on  the  general  and  statistical  aspects  of  the 
Coal  Question  from  a  national  standpoint,  there  follows  a  review 
of  the  present  state  of  science  regarding  the  origin  and  chemistry 
of  coal,  including  its  distillation,  oxidation,  and  combustion. 
The  latter  part  of  the  book  is  devoted  to  a  consideration  of  the 
principal  economic  and  industrial  uses  of  coal  as  a  fuel,  to  each 
of  which  one  or  more  chapters  have  been  assigned.  The  volume 
closes  with  an  accoimt  of  the  subject  of  "  Surface  Combustion," 
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▼iii  PREFACE 

which  has  been  included  in  response  to  many  requests  from 
various  friends. 

I  am  fully  aware  that  in  reviewing  so  complex  a  subject  as 
the  Chemistry  of  Coal,  I  was  entering  upon  controversial  ground, 
but  I  trust  that  those  whose  work  I  have  dealt  with  will  find 
that  I  have  succeeded  in  my  desire  to  present  an  entirely  im- 
partial, although  at  the  same  time  critical,  account  of  the  matter 
in  its  essential  aspects. 

The  book  has,  however,  been  written  during  a  period  of  quite 
exceptional  stress  of  academic  and  professional  duties,  and  amid 
many  distractions  arising  therefrom ;  therefore,  I  trust  that  my 
readers  will  be  lenient  towards  any  omissions  or  defects  which 
they  may  discover  in  the  text. 

My  task  has  been  considerably  lightened  by  the  kindness  of 
many  colleagues  and  friends  who  have  helped  me  by  their  advice 
after  perusing  the  various  chapters.  My  special  thanks  are  due 
to  Mr.  A.  W.  Flux,  M.A.,  in  reference  to  the  statistical  review 
in  Chapter  I;  to  Professor  W.  W.  Watts,  F.R.S.,  and  Mr.  G.  W. 
Lamplugh,  F.R.S.,  in  regard  to  the  geological  matters  touched 
upon  in  Chapter  II ;  to  Professor  W.  E.  Dalby,  F.R.S.,  for  perusing 
the  Chapter  on  "  Heat  Transmission  in  Boilers  " ;  to  Messrs.  T. 
Pridgin  Teale,  F.R.S.,  and  H.  James  Yates  in  connection  with 
Chapter  XII ;  to  Professor  J.  B.  Cohen,  F.R.S.,  of  Leeds,  in  con- 
nection with  Chapter  XIII ;  and,  lastly,  to  my  relative,  Mr.  T.  C. 
Hutchinson,  and  my  old  pupil,  Mr.  E.  Bury,  M.Sc,  both  of  the 
Skinningrove  Iron  Co.,  Ltd.,  for  their  guidance  in  respect  of 
Chapter  XIX, 

I  am  also  indebted  to  the  courtesy  of  nimierous  engmeering 
firms,  whose  coal-using  plants  or  appliances  are  described  or 
referred  to  in  the  text,  for  much  information  and  the  loan  of 
appropriate  diagrams  and  photographs.  Among  those  I  would 
particularly  mention  are :  Messrs.  Joseph  Adamson  &  Co. ; 
Clayton,  Son  &  Co.,  Ltd. ;  R.  &  J.  Dempster,  Ltd. ;  Dowson  and 
Mason  Gas  Plant  Co.,  Ltd.;  Frasers  &  Chalmers,  Ltd.;  Hum- 
phre5^  &  Glasgow,  Ltd. ;  Lymn  Chemical  Engineering  Co.,  Ltd. ; 
Merz  &  McLellan ;  Perry  &  Co.,  Ltd.  (Bow) ;  Power  Gas  Corpora- 
tion, Ltd. ;  Successors  to  the  Otto  Coke  Oven  Co.,  Ltd. ;  Underfeed 
Stoker  Co.,  Ltd. ;  and  West's  Gas  Improvement  Co.,  Ltd. 

I  also  desire  to  say  that,  with  the  Editor's  kind  acquiescence, 
I  have  made  full  use  of  the  valuable  infoimation  contained  in 
the  following  articles  in  his  Dictionary  of  Applied  Chemistry, 
namely,  (i)  "  Coke/'  by  Ernest  Bury,  M.Sc. ;  (2)  "  Coal  Gas/' 
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by  Dr.  Harold  G.  Colman ;  and  (3)  "  Water  Gas/'  by  the  late 
Ihnofessor  V.  B.  Lewes.  And,  naturally,  also  I  have  drawn  a  good 
deal  from  my  own  article  on  "  Fuel ''  in  the  same  paUication. 

I  must  also  thank  many  authors,  pabUshers,  and  other  sden- 
ti&c  or  professional  friends  for  their  kindness  in  allowing  me  to 
reproduce  diagrams,  tables,  and  other  illustrations  from  their 
memoirs  or  issues,  all  of  which  I  have  endeavoured  to  acknow- 
ledge duly,  either  in  the  text  or  in  the  footnotes  thereto.  Among 
these  I  would  spedaUy  mention  here  are  the  following:  Pro- 
fessor J.  S.  S.  Brame ;  Messrs.  H.  R.  Kempe,  J.  B.  C.  Kershaw, 
M.  Longridge;  Drs.  Vernon  Harcourt  and  R.  V.  Wheeler;  the 
Editors  of  the  Iran  and  Coal  Trades  Review  and  of  the  Gas 
Jonmal;  Messrs.  Edward  Arnold,  Benn  Bros.,  Ltd.  (publishers 
of  the  Gas  World),  and  Charles  Griffin  &  Sons;  the  Councils  or 
Managers  of  the  American  Gas  Institute,  of  the  Chemical  Society, 
of  the  Iron  and  Steel  Institute,  and  of  the  Royal  Institution  of 
Great  Britain. 

I  must,  finally,  express  my  wannest  thanks  to  my  assistant, 
Mr.  R.  J.  Sarjant,  B.Sc.,  A.R.C.S.,  for  his  indispensable  help  in 
revising  the  t)rpescript,  checking  calculations,  preparation  of 
curves,  and  reading  the  proof  sheets,  as  well  as  to  Mr.  Cecil 
Godfrey,  A.R.C.S.,  for  kindly  indexing  the  volume.  Also  I 
desire  to  thank  Miss  B.  Butler  for  the  great  care  which  she  has 
bestowed  upon  preparing  the  typescript  and  the  numerous  tables 
illustrating  the  text. 

The  writing  of  the  book  has  been  a  labour  of  love,  for  it  is 
dedicated  to  the  memory  of  one  who  was  my  constant  companion 
and  inspiration  during  eighteen  supremely  happy  years  of  scien- 
tific work  in  Manchester,  Leeds,  and  London,  and  whose  per- 
sonality was  a  delight  to  all  who  enjoyed  her  friendship. 

William  A.  Bone. 

Imperial  Coilsgs  of  ScUncs  and  T$chnology,  London, 
JuHB  19x8. 
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COAL  AND  ITS   SCIENTIFIC  USES 


CHAPTER  I 

INTRODUCTORY— THE  COAL  QUESTION — ITS  IMPORTANCE  TO 

THE  NATION  AND  THE  EMPIRE 

"  Coal  in  truth  stands  not  beside,  but  entirely  above,  all  other 
commodities.  It  is  the  material  source  of  the  energy  of  the 
country — the  universal  aid — ^the  factor  in  everything  we  do. 
With  coal  ahnost  any  feat  is  possible  or  easy;  without  it  we 
are  thrown  back  into  the  laborious  poverty  of  early  times.  .  .  . 
The  progress  of  science,  and  the  improvement  in  the  arts,  will 
tend  to  increase  thesupremacy  of  steam  and  coal "  (W.  Stanley 
Jevons  on  The  Coal  Question,  1865).^ 

When  Jevons  endeavoured,  more  than  fifty  years  ago,  to 
avraken  public  opinion  to  the  vital  importance  of  the  coal  question 
to  the  industrial  future  of  the  nation,  this  country  held  an  un- 
rivalled position  as  a  producer  of  coal.  For  out  of  a  total  world's 
output  of  130  million  tons,  no  less  than  80  million  tons,  or  practi- 
cally 60  per  cent.,  were  raised  in  Great  Britain.  The  then  known 
immense  coal  reserves  of  North  America,  as  weU  as  those  of  the 
States  now  comprising  the  German  Empire,  had  scarcely  been 
touched,  chiefly  because  neither  of  these  countries  had  as  yet 
reached  a  state  of  industrial  or  economic  development  at  all 
comparable  with  our  own.  And  although  the  cost  of  getting 
bituminous  coal  in  Pennsylvania  (Pittsburg)  was  even  then  less 
than  one-half  the  general  price  at  British  and  German  mines,  the 
proximity  of  all  our  principal  coalfields  either  to  the  sea,  on  the 
one  hand,  or  to  supplies  of  ironstone,  on  the  other,  combined 
with  the  natural  skill  and  aptitude  of  our  people  in  regard  to 
mechanical  invention,  had  combined  to  place  us  in  a  position 
of  unique  advantage  over  all  other  cotmtries. 

^  A  third  edition  of  Tevons's  remarkable  book  oa  The  Coal  Question 
(x868),  revised  by  A.  W.  Flux,  was  published  in  1906  (MacmiUan  St  Co.}* 


COAL  AND  ITS  SCIENTIFIC   USES 

The  rise  of  the  industrial  supremacy  which  Great  Britain 
enjoyed  throughout  the  nineteenth  century  may  be  dated  from 
the  years  1730  to  1735  when  the  Abraham  Darbys,  father  and  son, 
re-discovered  and  revived  the  art  of  smelting  iron  with  pit  coal, 
which  had  been  in  abeyance  since  the  days  of  Dud  Dudley  (1599 
to  1684),  who  had  originated  it  in  1621.  The  substitution  of  pit 
coal  for  wood  charcoal  as  fuel  in  the  blast  furnace  had  an  imme- 
diate and  far-reaching  effect  upon  the  economic  future  of  Great 
Britain  and,  through  it,  upon  the  welfare  of  mankind  in  general. 

During  Elizabethan  times  the  inroads  upon  our  forests  to 
supply  charcoal  for  the  iron  furnaces  of  Sussex  and  neighbouring 
counties,  then  the  chief  seat  of  iron  smelting  in  England,  had 
become  so  serious  that  ParUament  found  it  necessary  to  interfere 
with  an  Act  prohibiting  the  further  extension  of  the  industry. 
But  with  Dudley's  discoveries  the  necessity  for  such  restric- 
tions disappeared,  and  such  was  the  development  of  the  iron 
industry  in  England  during  his  lifetime,  that  the  outputs  of  our 
300  furnaces  has  been  thought  by  some  to  have  reached  possibly 
100,000  tons  per  anniun.  Unfortunately  disaster  overtook  him, 
and  for  fifty  years  after  his  death  the  use  of  pit  coal  fell  alto- 
gether into  abeyance.  So  rapidly  then  did  the  industry  decline 
that,  in  1740,  there  remained  but  fifty-nine  furnaces  in  blast, 
yielding  an  annual  output  of  a  little  more  than  17,000  tons,  and 
in  that  year  30,000  tons  of  iron  had  to  be  imported  to  meet  the 
national  requirements.  The  population  of  England  and  Wales, 
which,  according  to  the  best  estimates,  had  grown  from  5-6 
millions  in  1630  to  6-25  millions  in  1711,  then  came  to  a  standstill, 
or  actually  declined,  during  the  next  thirty  years  imtil,  in  1741, 
it  stood  no  higher  than  6-15  millions. 

This  was,  however,  the  turning  point;  the  next  thirty  years 
saw  an  increase  in  the  population  of  no  less  than  a  million  persons, 
whilst  the  annual  output  of  our  iron  furnaces  had  increased  at 
least  threefold.  A  century  after  the  Darbys'  achievement  the 
population  had  increased  to  14  millions,  and  the  annual  output 
of  iron  to  about  750,000  tons. 

The  year  1828  brought  James  Neilson's  revolutionary  invention 
of  preheating  the  air  before  it  reached  the  fuel  in  the  blast  furnace, 
which  ushered  in  another  era  of  expansion,  and  may  be  said  to 
have  laid  the  foundation  of  nearly  all  subsequent  developments 
in  the  direction  of  fuel  economy  in  iron  smelting. 

Just  as  the  need  of  pumping  the  mines  was  the  chief  incentive 
to  the  first  pioneers  of  the  steam  engine,  so  the  development  of 
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steam-power  by  British  engineers  during  the  eighteenth  century 
greatly  increased  the  commercial  prospects  of  coal  mining ;  for 
it  is  said  that "  the  steam  engine  produced  a  new  era  in  the  iniiiing 
and  commercial  interests  of  Britain,  and,  as  it  were,  in  an  instant, 
put  every  coalfield  which  was  considered  as  lost  within  the  grasp 
of  its  owners.  Collieries  were  opened  in  every  district  and  such 
has  been  the  astonishing  effect  produced  by  this  machine,  that 
great  coal  was  shipping  free  on  board  in  the  river  Forth  in  the 
year  1785  at  45.  lod.  per  ton ;  that  is,  after  a  period  of  seventy 
years,  coal  had  only  advanced  2d.  per  ton,  while  the  price  of 
labour  and  all  materials  was  doubled."  ^ 

As  the  result  of  the  new  industrial  life  and  enterprise  which 
sprang  up  everywhere  throughout  the  Kingdom  from  the  inven- 
tions of  the  Darbys,  Newcomen,  Smeaton,  James  Watt  and 
others,  attention  was  directed  to  the  deplorably  backward  state 
of  its  internal  communications.  Until  the  middle  of  the  eigh- 
teenth century  the  wretched  conditions  of  such  high  roads  as 
there  were  in  England  rendered  them  all  but  useless  for  goods 
traffic  Canals  there  were  none,  although  Holland,  France,  and 
even  Russia  had  already  developed  efficient  and  extensive  canal 
systems.  But,  as  Jevons  pointed  out,  "  until  coal  supplied  the 
purpose,  there  was  not  spirit  enough  in  this  country  to  undertake 
so  formidable  a  work  as  a  canal," 

The  first  canal  cut  in  England  was  in  1755  to  convey  coal 
from  St.  Helens  to  the  Mersey;  thereupon  the  Duke  of  Bridg- 
water engaged  Brindley  to  construct  his  famous  canal  for  the 
purpose  of  transporting  coal  from  his  coUieries  at  Worsley  to 
Manchester,  the  accomplishment  of  which  is  said  to  have  saved 
7s.  f>d.  per  ton  on  the  carriage,  and  to  have  immediately  reduced 
the  price  of  coal  in  Manclie&ter  from  yd.  to  $\d.  per  cwt,  (izo  lb,). 
A  rapid  development  of  the  canal  system  in  England  followed ; 
thus  before  Brindley  died  in  1772,  he  had  designed  and  carried 
out  the  Grand  Trunk  Canal,  connectii^  the  Trent  and  Humber 
with  the  Mersey,  the  Staffordshire  and  Worcestershire  Canal,  the 
Oxford  Canal,  and  the  Stockwith  and  Chesterfield  Canal.  By  the 
year  1810  there  bad  been  constructed  2000  miles  of  camds  in 
England  alone  at  a  co5t  of  £50,000,000,  and  some  of  the  companies 
j  them  paid  large  di\'idends, 

tiecessity  of  cheapening  the  carriage  of  coal  from 

hildon  to  the  wharves  on  the  Tees  at  Stockton 

construction  of  the  first  public  railway.    This 

I  Trade,  p.  24,  quoted  by  Jevons  (igoG  edition,  p.  lao). 
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was  opened  between  Whitton  Park  Colliery,  Darlington,  and 
Stockton  on  September  27,  1825,  and  the  rapid  extension  of 
railways  and  steam  locomotives  which  followed  the  success  of 
this  venture  was  "  mainly  due  to  the  traffic  and  wealth  occasioned 
by  the  use  of  coal  in  manufacture."  ^  So  much  so  that  George 
Stephenson  used  to  say,  "  The  strength  of  Britain  lies  in  her  iron 
and  coal  beds;  and  the  locomotive  is  destined,  above  all  other 
agencies,  to  bring  it  forth.  The  Lord  Chancellor  now  sits  upon  a 
bag  of  wool,  but  wool  has  long  since  ceased  to  be  emblematical 
of  the  staple  commodity  of  England.  He  ought  to  sit  upon  a 
bag  of  coals."  * 

And  if  it  was  to  the  traffic  and  wealth  in  coal  that  the  nation 
mainly  owed  the  development  of  its  internal  communications 
(canals  and  railways)  during  the  century  1750  to  1850,  it  may  with 
equal  truth  be  said  that  one  of  the  chief  factors  in  the  maintenance 
of  the  supremacy  of  its  mercantile  marine  since  1850  has  been  its 
ever-increasing  export  trade  in  coal,  as  the  figures  in  Tables  I 

and  II  show: — 

• 

TABLE  II 


Yctf. 

Total  Net  Tonnage  of  Ships 

on  the  Regiaten  of  the 
British  Empire  (Million  Tons). 

Rtuio. 
British  Empire  Tonnage. 

Whole  Worid's  Tonnage. 

1855 

1873 
1890 

1900 

5"00 

7-55 

969 

IO-75 

0-432 
0-578 
0*486 

Moreover,  the  overwhelming  supremacy  in  shipbuilding  which 
the  United  Kingdom  and  the  Empire  had  established  over  all 
other  nations  by  the  end  of  the  nineteenth  century  (as  shown  in 
Table  III)  is  to  be  ascribed  to  cheap  coal  and  iron,  combined  with 
(so  far  as  the  United  Kingdom  is  concerned)  favourable  geographi- 
cal position,  climatic  conditions,  and  free  imports.  And  it  is 
not  too  much  to  say  that  the  future  maintenance  of  our  marine 
supremacy  is  intimately  boimd  up  with  the  cheap  production  of 
coal,  iron,  and  steel;  from  this  point  of  view  the  relatively 
increasing  cost  during  recent  years  of  fuel  in  Great  Britain,  as 
compared  with  America,  is  a  matter  of  serious  national  concern. 

^  Jevons,  The  Coal  Question,  p.  125. 

*  Smiles's  Lives  of  the  Engineers,  Vol.  III.,  p.  357  (quoted  also  by  Jevons, 
ibid,,  p.  xa6). 
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TABLE   III 

Number  and  Tonnage  of  Ships  of  ioo  Tons  gross  and  upwards 

Built  during  1900 


Countxy. 

Sail. 

Steam. 

Total. 

Percent- 
age of 
TotaL 

No. 

Tonnage. 

No. 

Tonnage. 

No. 

Tonnage. 

Great  Britain 
and  Empire 
United  States 
Germany 
France     . 

41 

105 
37 
53 

12,826 

118,387 

16,982 

96,334 

669 
91 
71 
13 

1,497,001 

184.952 

203,417 

31.094 

710 

196 

108 

66 

1.509.837 
303.339 
220,399 
127,428 

64-42 

12-92 

940 

5-44 

AU  other 
Countries    . 

88 

19.442 

128 

163,409 

216 

182.851 

7-82 

Total 

324 

263,971 

972 

2,079,873 

1296 

2.343.854 

loo-oo 

With  regard  to  the  position  of  the  United  Kingdom  as  a  pro; 
ducer  of  coal  during  the  past  fifty  years,  it  may  be  remarked 
that  not  only  (as  is  shown  in  Table  IV)  has  the  average  output 
of  coal  per  head  of  population  steadily  increased,  but  also  the 
price  of  it  at  the  pithead  has  increased,  both  absolutely  and  rela- 
tively to  that  of  other  commodities,  a  condition  which  has  applied 
equally  to  other  European  countries.  Indeed  for  many  years 
past  there  has  been  no  material  difference  between  the  average 
pithead  prices  of  coal  in  Great  Britain  and  Germany,  and  it  is 
probable  that  the  upward  tendency  in  both  countries  will  con- 
tinue, owing  to  the  steadily  increasing  costs  in  operating  the 
mines.  On  the  other  hand,  coal  is  produced  in  the  United  States 
at  a  materiaUy  lower  cost  than  in  any  European  coimtry,  and 
the  pithead  price  there  had  for  some  years  previous  to  the  war 
shown  no  upward  tendency,  but  rather  the  reverse. 

The  case  of  iron  is  different,  for  whilst  our  output  of  pig  iron 
per  head  of  population  had,  before  the  war,  become  practically 
stationary,  the  cost  of  its  manufacture  had  been  kept  down  by 
improved  methods  and  organisation,  and  in  1913  it  was  certainly 
much  lower  than  it  was  fifty  years  ago.  At  the  outbreak  of  the 
war  we  were  not  producing  sufficient  steel  to  meet  our  own 
industrial  demands,  and  but  for  the  help  of  American  steel-makers 
we  should  not  have  been  able  during  the  war  to  cope  with  the 
demands  for  munitions.  Also,  the  devastation  of  Belgium  and 
Northern  France  has  meant  a  serious  reduction  in  European 
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steel  plants  outside  the  Central  Empires.  Hence  many  people 
conader  that  the  time  is  ripe  for  increadng  the  output  capacities 
of  British  iron  and  steel  plants.  But  if,  as  will  be  shown  in  a 
later  chapter,  the  price  of  coal  is,  and  probably  will  always  be, 
a  serious  item  in  the  cost  of  manufacturing  both  pig  iron  and  steel, 
the  prospects  of  extending  our  steel  industries  on  any  sound 
commercial  basis  is  largely  bound  up  with  the  proper  develop- 
ment and  utilisation  of  our  best  seams  of  coking  coals,  and  with 
the  achievement  of  the  utmost  economy  in  fuel  throughout  the 
whole  series  of  processes  from  the  ore  to  Uie  finished  steel  sections. 


TABLE  IV 

OOTPUT  OF  COAI.  AND  FiG  IbOM  IN  THK  UNITBD  KntODOM 


HcoitS 


ATcnnPH- 

iMdPliUI, 


HmiS 


1885-94 

1895-1904 

1903-14 


3-54 
4*1 
4-6a 


The  general  movement  of  coal  values,  both  absolute  and 
relative,  in  Great  Britain  during  the  past  seventy  years  may  be 
illustrated  by  the  following  average  figures  from  the  "  declared  " 
values  per  ton  of  coal  exported  from  the  United  Kingdom,  as 
compared  with  Sauerbeck's  index  numbers  for  the  values  of 
commodities  generally. 


TABLE   V 


v^ 

Average  Value 
Coil  Eiporbd. 

Numbm 

Sauubeck-. 

1840-4 
1^4 

7     3 
9     9i 

12       7 

73'9 

92-2 

63-6 
82-8 
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The  World's  Coal  Reserves 

As,  therefore,  it  can  hardly  be  questioned  that  the  chief  material 
basis  of  the  great  industrial  expansion  of  this  country  during  the 
past  century  has  been  our  abundant  supplies  of  easily  obtainable 
coal,  and  that  our  whole  economic  future  is  bound  up  with  our 
ability  to  maintain  abundant  supplies  of  relatively  cheap  fuel, 
it  is  important  that  our  present  position  as  regards  coal,  com- 
pared with  that  of  other  nations  and  the  world  at  laige,  should 
be  clearly  apprehended. 

According  to  an  exhaustive  report  upon  the  World's  Coal 


''•T'.»  ♦•'•''    UL!-'.".'^'  '■«  tl' »'.'!**.■.  Ml  If. » I  I.I.I  ii'Hl 


BITUMINOUS  •  52-75% 


Fig.  I. — ^World's  Estimated  Reserves  of 
Coal,  19x3,  7,397*553  Million  Tons. 


Resources  issued  by  the  International  Geological  Congress  in 
1913,  the  total  probable  and  possible  reserves  of  coal  of  all  kinds 
(including  anthracites,  bituminous  coals,  and  lignites)  available 
within  6000  feet  of  the  earth's  surface,  are  estimated  to  be 
7,397,553  million  metric  tons ;  or  approximately  6000  times  the 
world's  present  total  annual  consumption.  Therefore  the  world 
as  a  whole  need  have  no  fear  of  any  speedy  exhaustion  of  its 
coal  supplies. 

Of  the  estimated  total  reserves,  6*75  per  cent,  are  anthracites 
(mainly  located  in  China),  5275  per  cent,  are  bituminous  coals, 
and  40*5  per  cent,  belong  to  the  less  valuable  sub-bituminous 
class,  which  includes  all  the  lignites  and  Tertiary  brown  coals 

(see  Fig.  i). 
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A  survey  of  the  geographical  distribution  of  the  estimated 
reserves  shows  that  no  less  than  69  per  cent,  of  tbe  total  are 
located  in  America  (almost  wholly  North  America),  ly^  per  cent, 
in  Asia,  xo-6  per  cent  in  Europe,  2-4  per  cent,  in  Oceaaia,  and 
only  0-8  per  cent,  in  Africa  (see  Fig.  2).  It  is  a  significant 
fact  that  the  two  tropical  continents  of  South  America  and  Africa 
are  practically  destitute  of  coalfields  of  any  economic  importance. 
The  future  wealthy  republics  of  South  America  must  continue,  as 
heretofore,  to  import  coal,  machinery,  and  heavy  manufactiued 
goods,  in  exchange  for  agricultural  produce  and  raw  materials. 

PursoiDg  the  matter  a  httle  further,  we  find  that  of  the  total 
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Fio.  3.~-Perc«nUges  of  World's  Total  Coal  Eeflcrvu. 


estimated  reserves,  51-8  per  cent,  are  located  in  the  United 
States,  16-4  per  cent,  in  Canada,  13-5  per  cent  in  China,  57  per 
cent,  in  Germany,  2-6  per  cent,  in  Great  Britain,  2-3  per  cent,  in 
Siberia,  2-2  per  cent,  in  Australia,  and  only  0-8  per  cent,  in  Russia 
(see  Fig.  3}.  China's  resources  may  have  been  under-estimated, 
otherwise  the  relative  positions  of  the  remaining  countries  are 
probably  substantially  as  stated. 

The  fact  that  the  available  reserves  of  coal  in  Great  Britain 
only  amount  to  about  one-fortieth,  whilst  those  of  the  whole 
Empire  do  not  amount  to  more  than  about  one-fourth  of  the 
world's  estimated  total,  is  one  which  ought  to  be  weighed  by 
every  one  responsible  for  the  economic  development  of  onr 
national  and  imperial  resources,  especially  in  view  of  the  fact 
that    the  United  States,  whose  competition  in  the  immediate 
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future  will  probably  be  much  more  severely  felt  than  ever  before, 
possesses  more  than  half  the  estimated  world's  coal,  and  that  also 
in  regard  to  the  two  prime  considerations  of  quality  and  cost  of 
production  she  probably  compares  favourably  with  Great  Britain 
and  the  Empire. 

A  better  criterion,  however,  of  the  position  of  the  United 
Kingdom  relative  to  that  of  other  countries  is  perhaps  afforded 
by  considering  the  relation  of  coal  reserves  to  the  population 
in  four  of  the  principal  coal-bearing  coimtries  of  the  world.    In 
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making  such  a  comparison  it  is  necessary  to  differentiate  between 
the  economically  much  more  valuable  anthracitic  and  bituminous 
coals  of  the  Carboniferous  Series  (A  and  B)  and  the  less  important 
sub-bituminous  Tertiary  coals  (C),  that  is  to  say  the  Lignites 
and  Brown  coals. 

From  these  figures  (Table  VI),  it  will  be  seen  that  so  far  as 
classes  A  and  B  are  concerned,  the  reserves  per  head  of  population 
in  the  United  Kingdom,  although  only  about  one-fifth  of  those 
in  the  United  States,  do  not  compare  so  imfavourably  with  those 
in  Germany,  and  are  more  than  the  average  for  the  world  as  a 
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whole.  Moreover,  almost  every  variety  of  economically  valuable 
coals  is  found  in  the  British  Coal  Measures,  and  their  quality  is 
on  the  whole  superior  to  those  of  European  coals  generally.  More 
problematical,  however,  is  the  position  of  China,  whose  enormous 
reserves  have  been  much  less  explored  than  those  of  other 
countries ;  but  from  what  is  already  known,  nearly  40  per  cent. 
of  China's  reserves  consist  of  high-class  anthracites  or  anthracitic 
coals,  and  the  remainder  are  practically  all  bitvuninous  varieties. 

TABLE  VI 


Coontxy. 

ll 

MllUoosof  Tods. 

Estimated  Reserves. 
Tons  per  Head  of  Population. 

AandB 

C 

AandB 

c 

TotaL 

United  States 
Germany    . 
United  Kingdom 
China    . 

105 
400 

2,000,000 
410,000 
190,000 

X, 000,000 

X,  800,000 

13.400 

n%l 
600 

X9,000 
6,300 
4,000 
2,500 

17,000 
200 
nU 

1-5 

36,000 
6,500 
4,000 
2,500 

The  World      . 

1500 

4,500,000 

3,000,000 

3»ooo 

2,000 

5.000 

The  World's  Increasing  Demands  for  Coal 

The  world's  demands  for  coal,  which  in  1863  amounted  to 
some  130  million  tons  per  annum  only,  had  by  1913  increased  to 
nearly  1250  million  tons  per  annum.  Such  a  tenfold  increase 
in  fifty  years  represents  a  **  compound  interest "  rate  of  practi- 
cally 5  per  cent,  per  annum  throughout  the  whole  period.  During 
the  last  ten  years  of  it  this  rate  of  increase  was  fully  maintained, 
as  follows : — 

v^^  Total  Demand. 

^^^'  MiU.  Tons. 

1903 800 

1908 1000 

I913 1250 

and  it  is  hardly  likely  that  the  rate  will  diminish  after  the 
conclusion  of  the  war. 

During  the  last  decade  these  demands  have  been  principaUy 
supplied  by  three  countries,  namely,  the  United  States,  Great 
Britain,  and  Germany,  which  between  them  have  annually  raised 
practicaUy  83  per  cent,  of  the  total  coal  consumed  in  the  world, 
as  is  shown  in  the  following  Table  : — 
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TABLE  VII 
World's  Output  of  Coal  :  Miluons  of  Tons 


X903 

Percent. 

Z908 

Per  ceat. 

19x3 

Percent. 

United  States 
Great  Britain 
Germany  . 

319-5 
230-4 

1 1 6-6 

40-0^1 
28-8  -83-4 
I4-6J 

415-8 

261-5 
148-6 

41-5) 
26-0  -82-3 

I4-8J 

562-6 

287-4 
191-5 

45-0 
23-0 

15-3 

83-3 

France 
Belgium     . 
Russia 

British  Posses- 
sions 

34*3 
23-8 

16-5 
265 

4-3 
3*o 

2-0 
3-3 

36-8 
23-7 

29-4 
42-0 

3-7 
2-3 
2-9 

4-2 

40*1 
22-8 
28-8 

50-0 

3-2 
1-8 

2-3 
40 

All  other  coun- 
tries 

324 

4-0 

43-2 

4-3 

66-8 

5-4 

Total      .      . 

800 -o 

loo-o 

1000*0  lOO-O 

1250-0  lOO-O 

If  now  the  average  outputs  of  anthracitic  and  bituminous 
coals  ^  from  each  of  the  three  countries  in  question  for  the  three 
quinquennial  periods  since  the  year  1900  be  examined  (Table 
VIII),  it  will  be  found  that  the  output  of  the  United  States  has 
been  increasing  at  a  "  compound  interest "  rate  of  6  per  cent. 
per  annum,  that  of  Germany  at  a  compound  rate  of  4  per  cent, 
per  annum,  whilst  the  British  output  has  increased  at  a  compound 
rate  of  only  2  per  cent,  per  anniun.  Assuming  that  these  relative 
rates  of  increase  are  maintained  after  the  war,  it  may  be  predicted 
that  Germany's  output  will  overtake  that  of  Great  Britain  about 
twenty  years  hence,  when  each  country  will  be  producing  some 
420  million  tons  per  annimi. 

TABLE  VIII 

Coal  Productions  of  United  States,  Great  Britain,  and  Germany 

quinquennial  averages,  i9oo-i914 

Millions  of  Tons  per  Annum 


United  SUtes. 

Great  Britain. 

Gennany. 

1900-4 

1905-9 
I9IO-I4 

288-2 
400-5 

519-2 

226-8 

256-0 
269-9 

II2-5 
139-8 
168-7 

Approximate  per  cent. 
Compound  Interest 
Increase 

# 

6-0 

2-0 

4-0 

^  Lignites  and  Brown  coals  have  been  excluded  from  this  review  because 
of  their  relative  unimportance,  although  Gennany  annually  raises  large 
quantities  of  low-grade  Brown  coals  for  home  consumption. 
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The  actual  outputs  for  each  year  during  the  whole  period  in 
questkm  are  plotted  in  Fig.  4. 
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FiG.  4. — Coal  Productions,  in  Millions  of  Tons,  of  the  United  States, 
Great  Britain,  and  Germany — 1900  to  1914- 

British  Outputs  and  Exports  of  Coal 

How  closely  the  continuous  increases  in  the  British  outputs 
of  coal  during  the  forty-five  years  previous  to  the  war  had  followed 
a  2  per  cent,  compound  interest  law  is  shown  in  the  following 
table  of  quinquennial  averages  in  millions  of  tons  per  annum 
of  the  total  coal  raised  in  Great  Britain  between  the  years  1870 
and  1914  inclusive. 

TABLE   IXa 
^  Coal  Production  in  Great  Britain 

quinquennial  averages, 

187O-I914 

Millions  of  Tons  per  Annum 


AveFBfe 
Output. 

Calculated  at 

Period. 

a  %  Compound 
Interest. 

1870-4 

I21'5 

I2I-5 

1875-9 

1340 

I3i-r 

1880-4 

1560 

148*1 

1885-9 

165-0 

163-5 

1890-4 

l8o*o 

i8o-5 

X895-9 

202-0 

1993 

1900-4 

227-0 

220-1 

1905-9 

256-0 

2430 

19x0-14 

270-0 

268-2 
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These  averages  are  shown  as  a  curve  in  the  next  diagram  (Fig.  5) 
which  also  indicates  the  proportion  of  the  whole  production 
which  had  been  retained  for  home  consumption.  It  ^ould  also 
be  added  that  there  has  been  an  appreciable  increase  in  the 
amoimt  of  coal  consumed  per  annum  per  head  of  population 
during  the  period  in  question,  namely,  from  about  3-5  to  about 
4-35  tons. 

Much  has  been  written  upon  the  question  of  our  coal  export 
trade  from  opposite  standpoints.  In  some  quarters  its  rapid 
increase  within  recent  years  is  viewed  with  feelings  of  concern, 
whilst  other  people  regard  a  large  coal  export  trade  as  a  necessaiy 
condition  of  oiu:  maritime  supremacy. 
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Fig.  5. — Quinquennial  Averages  of  Coal  Production  in  Great  Britain. 


During  the  past  sixty  years  oiu:  coal  export  trade  has  increased 
something  like  twentj^old,  as  regards  both  the  quantities  and 
the  values  of  coal  exported.  Moreover,  its  value  relative  to 
other  values  exported  has,  during  the  same  period,  increased 
fourfold,  until  in  1913  it  constituted  about  10  per  cent,  of  our 
total  exported  values.  Thus  in  that  year,  we  exported  977 
million  tons  (or  34  per  cent,  of  our  total  output)  valued  at 
£53*000.000. 

Another  featiure  of  oiu:  export  trade  is  that  whereas  both 
the  United  States  and  Germany  export  considerable  quantities  of 
coal  by  land,  their  oversea  exports  are  trifling  compared  with 
ours,  so  that  in  the  year  1912  we  actually  transacted  over  70 
per  cent,  of  the  whole  sea-borne  coal  trade  of  the  world.  Several 
factors  have  contributed  to  this  astonishing  result.    One  is  the 
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proximity  of  our  finest  steam  coal  seams  to  our  ports,  notably 
so  the  South  Wales  coalfield,  which  now  exports  more  than  60 
per  cent,  of  its  total  output;  another  is  the  increased  demands 
for  coal  from  Europe  and  South  America;  while  a  third  factor 
has  been  the  phenomenal  growth  of  our  mercantile  marine, 
which  for  successful  competition  with  foreign  tonnage  depends 
upon  good  outward  as  well  as  inward  cargoes.  For  inasmuch  as 
the  inward  cargoes  are  chiefly  foodstuffs  and  raw  materials  of 
considerable  bulk  in  relation  to  their  values,  while  our  exports 
(except  coal)  are  chiefly  machinery  and  manufactured  articles, 
whose  bulk  is  small  in  relation  to  their  values,  our  shipowners 
are  in  a  position  to  offer  low  freights  for  outward  caigoes.  Hence 
the  view  that  maritime  supremacy  and  a  laige  coal  export  trade 
are  interdependent.^ 

Probable  Duration  of  British  Coal  Reserves 

The  probable  duration  of  British  coal  reserves  has  been  investi- 
gated by  two  Royal  Commissions.  The  first  one,  which  was 
appointed  largely  in  consequence  of  the  late  Professor  Jevons's 
book  in  1865,  reported  in  1871,  and  the  second  reported  in  1905. 
Since  that  date,  however,  Dr.  Strahan,  the  Director  of  the 
Geological  Survey  of  England  and  Wales,  has  published  a 
revised  estimate  in  the  Report  of  the  International  Geological 
Congress  for  1913,  whilst  more  recently  still  {1915)  Professor 
H.  Stanley  Jevons,  following  up  his  late  father's  work,  has 
published  another  estimate  in  his  book  on  The  British  Coal 
Trade.    These  various  estimates  are  as  follows : — 

EsTncATBS  OF  Rbsbrvbs  of  British  Coal  within  4000  fbbt 

OF  ths  Surfacb 

Bfillion  Tom. 

First  Royal  Commission,  1871  .  .  146,480 

Second  Koyal  Commission,  1905  •  •  141,635 

Dr.  A.  Strahan,  1912  .  .  178,727 

Prof.  H.  Stanley  Jevons,  1915  .  .  197,000 

^  It  has  been  estimated  that  the  total  earnings  of  our  shipping,  includ- 
ing vessels  employed  in  the  home  trade,  in  the  year  1913  amounted  to 
;£i 62,000,000.  Shipbuilding  in  the  United  Kingdom  employed  210,000 
persons  and  ;£i  50.000,000  of  capital ;  port  and  harbour  authorities  60,000 
persons  and  /i 40,000,000  of  capital;,  whilst  miscellaneous  dependent 
activities  employed  260,000  persons  and  ;£ioo,ooo,ooo  of  capital,  the  total 
l>eing  530,000  persons  and  /390,ooo,ooo  of  capital  (vide  a  lecture  on  "  Foreign 
Trade  and  Investments  Abroaid,"  by  Mr.  Edgar  Crammond,  F.S.S.,  to  the 
Institution  of  Civil  Engineers,  Mardi  12,  191 7,  as  reported  in  Th$  Times 
Engineering  Supplement,  Bfarch  30,  1917). 
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In  making  such  estimates  two  overruling  factors  have  to  be 
considered,  namely : — (i)  the  maximum  depth  at  which  it  is 
practicable  to  conduct  mining  operations ;  and  (2)  the  minimum 
thickness  of  seams  which  can  be  profitably  worked.  The  first 
of  these  factors  is  determined  principally  by  the  increase  in 
temperature  as  we  descend  into  the  bowels  of  the  earth.  In 
Great  Britain  the  temperature  at  50  feet  below  the  surface  is 
constant  throughout  the  year  at  50^  Fahr.,  and  then  it  increases 
I®  Fahr.  for  every  60  feet  lower  in  depth.  Both  of  the  Royal 
Commissions  adopted  4000  feet  as  the  maximmn  limit  of  practic- 
able working,  at  which  depth  the  temperature  might  be  expected 
to  be  116°  Fahr.  and  one  foot  as  the  minimmn  workable  thickness 
of  seam.^ 

Moreover,  it  should  be  noted  that  the  Royal  Commissions' 
figures  represent  the  estimated  net  available  amount  of  coal 
remaining  unworked  after  certain  aUowances  had  been  made,  not 
only  for  coal  which  must  be  left  imderground  as  barriers  for  the 
support  of  surface  buildings,  but  also  for  losses  in  working  due 
to  faults  and  other  natural  causes,  which  allowances  amounted 
to  about  20,000  million  tons  according  to  the  1905  Commission's 
estimate.  Also,  the  1905  estimate  did  not  include  the  Kent 
coalfields  and  other  **  concealed  "  Measures,  which  were  taken 
into  account  in  Dr.  Strahan's  revised  estimate.  Professor  H.  S. 
Jevons,  who  considered  that  Dr.  Strahan  erred  if  anything  on 
the  safe  side,  gave  197,000  million  tons  as  a  maximum  quantity 
within  4000  feet  of  the  surface.  If  then  200,000  million  tons 
be  taken  as  an  approximate  outside  figure,  and  an  allowance  of 
15  per  cent,  be  made  for  "  pit  wastage,"  the  net  coal  which  will 
actually  be  available  at  the  surface  would  be  about  170,000 
million  tons,  or  say  about  580  times  the  amount  actually  raised 
in  the  year  1913. 

The  most  important  aspect  of  the  coal  question  for  Great 
Britain  is  not  so  much  how  long  can  our  reserves  possibly  last, 
having  regard  to  the  probable  continuation  of  the  present  upward 
tendency  of  our  annual  outputs,  but  how  long  can  we  continue 
to  get  the  available  coal  at  a  cost  which  shall  not  place  us  as 
a  nation  at  a  disadvantage  relative  to  our  nearest  competitors. 
Coal  is  a  gift  of  Nature  which  hitherto  we  have  for  the  most 
part  squandered  in  all  sorts  of  foul  and  wasteful  ways,  polluting 
the  air  of  heaven  with  the  smoke  of  it.    Nature  has  also  imposed 

^  The  greatest  depth  at  which  coal  mining  operations  are  at  present 
carried  out  in  Great  Britain  is  3500  feet,  and  in  Europe  (Belgium)  3773  feet. 
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limits  to  our  stores  of  it,  which  will  possibly  be  reached  some- 
time in  the  future  scarcely  more  distant  than  are  our  own  times 
from  those  of  Queen  Bess»  and  certainly  not  more  (as  it  would 
seem)  than  from  those  of  the  Black  Prince.  Moreover,  as 
Jevons  pointed  out  and  as  subsequent  experience  has  so  far 
confirmed,  the  more  economy  that  is  practised  in  the  use  of 
coal,  the  more  will  its  consumption  increase,  for  as  he  truly 
said  :  "  Economy  multiplies  the  value  and  efficiency  of  our  chief 
material ;  it  indefinitely  increases  our  wealth  and  means  of  sub- 
sistence, and  leads  to  an  extension  of  our  population,  work,  and 
commerce,  which  is  gratifying  in  the  present,  but  must  lead  to 
an  earlier  end.  Economical  inventions  are  what  I  should  look 
forward  to  as  likely  to  continue  our  rate  of  increasing  con- 
sumption. Could  we  keep  them  to  ourselves,  indeed,  they  would 
enable  us,  for  a  time,  to  neutralise  the  evils  of  deamess  when 
coal  b^ins  to  get  scarce,  to  keep  up  our  accustomed  efficiency 
and  push  down  our  coal  shafts  as  before.  But  the  end  would  only 
thus  be  hastened — ^the  exhaustion  of  our  seams  more  rapidly 
carried  out."  * 

The  Purposes  for  wracH  Coal  is  consumed  in  the 
United  Kingdom  and  the  Meaning  of  Fuel  Economy 

Although,  in  Great  Britain,  coal  both  is,  and  long  will  continue 
to  be,  the  principal  source  of  all  artificial  light,  heat,  and  power, 
its  proper  utilisation  involves  a  good  deal  more  than  increased 
efficiency  in  respect  either  of  power  production  or  of  heating 
operations  generally,  impcHtant  as  these  imdoubtedly  are.  For, 
when  suitably  handled  by  the  chemist,  coal  yields  a  whole  series 
of  valuable  by-products  which  form  the  raw  materials  of  im- 
portant chemical  industries,  and  the  problem  of  "  coal-economy  " 
involves  the  whole  question  of  the  recovery  of  such  by-products, 
and  the  consequent  mitigation,  or  even  abolition,  of  the  smoke 
nuisance  which,  directly  and  indirectly,  costs  the  country  many 
millions  of  pounds  per  annum. 

Thus  from  the  tars  resulting  from  the  distillation  of  coal  in 
gas  works,  and  from  the  manufacture  of  metallurgical  coke,  are 
obtained  ammonium  salts,  a  whole  series  of  aromatic  hydro- 
carbons (benzene,  toluene,  anthracene,  naphthalene,  etc.)  and 
other  products,  which  form  the  basis  of  the  manufacture  of 
synthetic  dyes  and  drugs,  as  well  as  that  of  high  explosives, 

^  Third  edition  (1906),  p.  156. 
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and  the  more  general  and  efficient  recovery  of  such  products  b 
essential  to  the  establishment  upon  a  firm  basis  in  this  country 
of  industries  manufacturing  such  synthetic  chemicals. 

With  regard  to  ammonium  salts,  which  are  chiefly  valuable 
as  fertilisers  for  the  production  of  foodstuffs,  out  of  432,618  tons 
of  ammonium  sulphate  made  in  the  United  Kingdom  in  1913,  no 
less  than  369,557  tons  were  derived  from  coal,  as  follows  :-^ 


Tons  ov  Amcomuii  Sitlpratb  producbd  from  Coal  m 

Gas  Works.        By-product  Coke        Gas  Producers.        Iron  Works. 

Oven  Plants. 

182,180  133.816  33.605  19.956 

How  much  more  ammonium  sulphate  might  have  been  produced 
by  a  more  scientific  handling  of  British  coals  is  shown  by  the  fact 
that,  in  the  same  year,  nearly  500,000  tons  of  ammonium  sulphate 
were  produced  in  Germany  from  a  much  smaller  output  of  coal, 
containing  on  the  average  a  somewhat  smaller  percentage  of 
nitrogen  than  is  found  in  British  coals. 

The  distillation  of  coal  at  comparatively  low  temperatures 
(400*  to  600^  C.)  constitutes  another  important  means,  as  yet 
insufficiently  explored  by  the  chemist,  of  realising  the  possi- 
bilities of  coal  as  a  source  of  motor  spirit  and  fuel  oils  for  marine 
purposes. 

But  if,  as  Jevons  insisted,  the  more  economy  that  is  practised 
in  the  use  of  coal,  the  more  will  its  consumption  increase,  we 
cannot  expect  to  prolong  the  duration  of  our  national  coal 
reserves  by  the  more  scientific  use  of  them.  The  object  of  any 
national  movement  in  the  direction  of  fuel  economy  should  be  to 
ensure  our  coal  being  utilised,  in  the  national  interest,  to  the  best 
and  fullest  advantage  by  every  class  of  consiuner.  True  economy, 
it  has  been  said,  lies  not  so  much  in  using  sparingly  as  in  using  well. 
It  is  impossible  to  give  any  exact  figures  for  the  amount 
of  coal  used  for  various  purposes  in  this  Kingdom,  and  although 
estimates  have,  at  one  time  or  another,  been  made,  they  cannot 
be  regarded  at  best  as  more  than  very  approximate.  In  1903 
Kr.  (now  Sir)  George  Beilby  made  such  an  estimate  for  the  Second 
Royal  Commission  on  Coal  Supplies,  and,  assmning  that  the  same 
relative  proportion  between  the  various  uses  of  coal  still  hold 
good,  a  further  estimate  for  the  year  1913  may  be  giyen,  as 

follows : — 
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Analysis  of  thb  Uses  of  Coal  in  the  United  Kingdom 

1903.  1913. 

MiU.  Tons.    MiU.  Tons. 

(i)  Mines  and  Factories       .         .         .         .71-0  80-0 

.  .  rlron  and  Steel  Industries        .         .         .     28-0  30-0 

^  'lOther  Metallurgical  Industries         .         .       i-o  2*0 

(3)  Brickwork,  Potteries,  Glass,  and  Chemical 

Works 5*0  6*0 

(4)  Gas  Works 150  i8-o 

(5)  Railways 13-0  15-0 

(6)  Coasting  Vessels 2-0  2-0 

(7)  Domestic  Purposes         ....  320  360 

Total  1670         1890 

Total  for  Power  Purposes         .         .52-0  80 -o 

According  to  the  above  estimate,  four-fifths  of  the  coal  annually 
consumed  in  the  Kingdom  can  be  accounted  for  under  three 
heads,  namely,  (i)  approximately  40  per  cent,  is  used  for  gener- 
ating mechanical  power ;  (2)  another  20  per  cent,  is  carbonised 
either  in  gas  works  or  for  the  manufacture  of  metallurgical  coke ; 
(3)  whilst  about  20  per  cent,  is  used  for  domestic  purposes. 

The  foregoing  may  be  compared  with  the  following  official 
figures  for  the  year  1907  (Census  of  Production) : — 

1907 
Mm.  Tons 

Total  Coal  raised 266-6 

Less — 

(i)  Coal  Exported      .         •         .         .  66-6 

(2)  Bunker  Coal  for  Foreign-going  Vessels      i8-6 

852 

Total 181 -4 

(i)  Used  in  operating  the  Mines          ....  167 

(2)  Carbonised  in  Gas  Works 15-4 

(3)  For  Blast  Furnace  Coke,  etc 21 -i 

(4)  Other  Iron,  Steel,  Engineering  and  Shipbuilding 

Industries 15-8 

(5)  Other  Manufacturing  Purposes      ....     387 

(6)  Locomotive  Coal  on  Railways       .  .         .12-9 

(7)  Coastwise  Bunkers       ...  .         .      2*2 

(8)  All  Other  Purposes      ...  .         .    6i"5 
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That  up  to  the  present  we  have,  as  a  nation,  been  wasteful  and 
improvident  in  both  getting  and  utilising  coal  cannot  well  be 
disputed.  Under  the  present  individualistic  conditions,  a  vast 
quantity  of  usable  coal  is  left  behind  in  the  mine  simply  because  it 
does  not  pay  to  bring  it  to  the  surface.  The  Committee  appointed 
by  the  British  Association  in  1915  for  the  Investigation  of  Fuel 
Economy  and  the  proper  Utilisation  of  Coal,  in  drawing  special 
attention  to  the  national  importance  of  checking  this  waste  by 
finding  out  in  what  ways  the  less  valuable  grades  of  coal  can  be 
turned  to  good  accoimt,  expressed  the  opinion  that "  much  of  the 
coal  now  left  behind  in  the  mines  ought  to  be  converted  into  useful 
forms  of  energy  and  products  for  public  purposes,  and  one  of  the 
most  important  aspects  of  the  fuel  economy  problem  in  Great 
Britain  is  the  devising  and  organising  of  means  for  making  it  pos- 
sible to  raise  the  hitherto  wasted  coal  at  an  economic  advantage."  ^ 

In  regard  to  the  realisable  margins  of  economy  in  the  coal 
actually  consumed  in  the  Kingdom,  the  Second  Royal  Conunission 
on  Coal  Supplies  reported  in  1905  that  the  possible  saving  in 
our  then  annual  coal  consumption  of  167  million  tons  amoimted 
to  between  40  and  60  million  tons;  and  in  1916,  the  British 
Association  Fuel  Economy  Committee  expressed  the  view  that 
"  notwithstanding  the  improved  apparatus  which  has  been  put 
into  use  in  the  best  factories  throughout  the  country  during 
the  last  ten  years,  the  average  result  obtained  for  the  country 
as  a  whole  still  lags  behind  the  best  obtainable  to-day  in  as 
great  a  proportion  as  it  did  in  1905."  * 

In  July  1916  the  then  Prime  Minister  (Mr.  Asquith)  appointed 
a  Sub-Committee  of  the  Reconstruction  Committee,  imder  the 
chairmanship  of  Lord  Haldane,  to  consider  the  Conservation  of 
our  Coal  Supplies.'  And  in  February  1917,  the  Committee  of 
the  Privy  Coimcil  for  Scientific  and  Industrial  Research,  on  the 
recommendation  of  their  Advisory  Coimcil,  who  had  conferred  on 
the  matter  both  with  Lord  Haldane's  Committee  and  with  the 
British  Association  Committee,  decided  to  establish  a  permanent 
Fuel  Research  Board  to  organise  and  carry  out  investigations 
into  fuel  problems.  This  step  may  be  welcomed  as  a  sign  that 
the  Government  has  at  length  realised  its  responsibilities  to 
the  nation  in  regard  to  the  coal  question. 

*  British  Association  Reports,  1916  (Newcastle-on-Tyne),  p.  IQ^- 
"  Ibid.,  p.  193 

•  The  Report  of  Lord  Haldane's  Sub-Committee  (now  known  as  the  Coal 
Conservation  Committee  of  the  Ministry  of  Reconslruction)  will  shortly  be 
published  (191 8). 
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The  Cost  of  getting  Coal  in  the  United  Kingdom  and 

Pit-head  Prices 

In  connection  with  this  all-important  question  a  very  inform- 
ing paper,  entitled  "  The  Economics  of  Coal  Production,"  was 
read  before  the  London  Section  of  the  Society  of  Chemical 
Industry  on  December  4,  1917,  by  Professor  Henry  Louis  of 
Newcastle-on-Tyne,  from  which  the  following  details  have  been 
taken. 

It  is  first  of  all  pointed  out  that  the  cost  of  coal  at  the  pit- 
mouth  is  made  up  of  five  items,  namely : — (i)  the  value  of  it  in 
its  unsevered  condition  in  the  seam,  which  is  covered  by  the 
term  "  royalty  " ;  (2)  the  wages  paid  to  the  men  engaged  in  its 
extraction;  (3)  the  costs  of  various  materials  necessarily  em- 
ployed in  connection  with  the  working  of  a  mine ;  (4)  the  cost 
of  administration  and  other  incidental  expenses;  and  (5)  the 
profit  to  the  colliery  proprietor,  including  the  interest  upon  the 
capital  employed. 

According  to  official  figures,  the  average  cost  of  coal  at  the 
pit-head  in  the  United  Kingdom  for  the  year  1913  was  los.  lid., 
and  Professor  Louis  has  calculated  that  this  cost  would  on  the 
average  be  distributed  a§  follows : — 

TABLE  IXb 


Percent. 

<.      d. 

X.  Royalty 

2.  Wages 

3.  Materials 

4.  Administration  .     .     . 

5.  Interest  and  Profit  .     . 

5-35 
62«55 

16-45 
7*00 

8-65 

0    6-5 

U 

0    8-5 
0  io*5 

zoo*oo 

10    1*5 

It  would  thus  appear  that  labour  is  by  far  the  principal  item 
in  the  total  cost  of  coal  production.  The  item  of  wages  may 
be  subdivided  into  three  parts,  namely,  those  paid  to  (a)  hewers, 
who  actually  get  the  coal  and  receive  practically  half  of  them ; 
(6)  other  underground  workers,  who  receive  rather  more  than 
30  per  cent. ;  and  (c)  surface  workers,  who  receive  nearly  one- 
fifth  of  them.  It  is  a  regrettable,  and  perhaps  also  a  significant, 
fact  that  the  average  amount  of  coal  produced  per  worker  em- 
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ployed  at  the  mines  of  Great  Britain  has  been  steadily  decreasing 
daring  the  past  thirty  years,  as  the  following  figures  show  : — 

Average  Annual  Output 
Decade.  per  Worker. 

Tons. 

1883-92 320 

1893-1902 295 

1903-12 280 

These  figures,  as  Professor  Louis  remarks,  "  may  be  to  some 
little  extent  accounted  for  by  the  fact  that  the  thicker  and 
more  easily  worked  seams  are  gradually  becoming  exhausted, 
and  the  production  from  the  thinner  seams  is  gradually  forming 
an  increasing  proportion  of  the  total,  but  the  diminution  in 
efficiency  due  to  this  cause  should  be  far  more  than  counter- 
balanced by  the  increased  use  of  underground  machinery,  espe- 
cially of  coal  cutters  and  face  conveyors,  which  greatly  multiply 
the  working  capacity  of  the  hewer."^  And  he  considers  that  an 
increase  in  the  output  per  man  employed  is  imperative  in  the 
interests  of  the  nation  at  large. 

Between  the  pit-head  and  the  consumer  there  intervenes  the 
railway  or  steamship  company  and  the  various  merchants  or 
middlemen.  Professor  Louis  estimates  that  the  average  distance 
travelled  by  coal  which  comes  into  London  by  rail  is  something 
like  130  miles,  and  that  the  average  freight  is  somewhere  about 
gs.  per  ton.  The  average  cost  of  bringing  coal  from  the  collieries 
in  Durham  by  sea  to  the  London  market  (including  discharging 
at  the  wharves)  in  1913  is  put  at  5s.  yd.  per  ton,  and  the  average 
price  of  sea-borne  coal  in  barges  in  the  Thames  at  21s.  per  ton. 
There  is  no  doubt  room  for  some  economies  here,  for  not  only 
might  the  cost  of  transit  by  rail  be  cheapened,  but  it  is  unques- 
tionable that  the  whole  system  of  distribution  at  present  in  vogue 
might  with  advantage  be  simplified  and  cheapened. 

The  effect  of  the  war  upon  the  annual  outputs  and  pit-head 
prices  of  coal  in  Great  Britain  is  shown  from  the  following  ofiicial 
figures  for  the  three  years  1914-16  inclusive  : — 

Total  Output-    Average  Price 
Year.  Million  Tons.       at  Pit-head. 

5.      d. 

1914 2656  .        .     9  II-8 

1915 2532  .       .  12    5-6 

1916 2563  .        .  15     7-25 

^  Journ,  Soc.  Chem.  Industry,  86,  23,  1209. 
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THE  ORIGIN  AND  FORMATION  OF  COAL 

To  tinderstand  the  nature  and  composition  of  coal,  as  weU 
as  the  different  classes  and  varieties  of  it  met  with  in  our  coal- 
fields, we  must  consider  the  kind  of  materials  from  which  it 
originated,  as  weU  as  the  conditions  under  which  these  materials 
were,  in  the  fulness  of  geological  time,  gradually  transformed 
into  the  coal  seams  as  we  now  know  them.  Our  knowledge  of 
these  matters,  of  course,  necessarily  suffers  from  the  recognised 
imperfections  in  the  geological  record,  and,  therefore,  the  scientific 
imagination  has  often  to  fill  in  gaps  where  precise  information 
or  definition  is  wanting.  Therefore,  while  we  are  tolerably 
certain  of  the  vegetable  origin  of  coal,  any  view  or  theory  con- 
cerning the  factors  and  conditions  operative  at  the  various 
successive  stages  in  the  subsequent  long  transformation  process 
is  necessarily  somewhat  speculative  and  subject  to  reservation. 
Certain  well-attested  features  which  stand  out  prominently  in 
the  record  may,  however,  be  regarded  as  more  or  less  common 
ground. 

Although  many  classes  and  varieties  of  coal  occur  in  Nature, 
all  of  them  represent  some  stage  or  product  of  the  primary 
decomposition  and  subsequent  transformation,  under  the  com- 
bined influence  of  slowly  increasing  pressure,  and  possibly  also 
of  temperature,  of  the  vegetable  debris  of  primaeval  forests  and 
swamps.  This  process  has  gone  on  in  several  of  the  great  geological 
periods,  and,  so  far  as  its  early  stages  are  concerned,  is  being 
repeated  to-day  under  somewhat  different  conditions  in  our 
modem  peat  bogs  and  deltas,  where  enormous  masses  of 
water-logged  vegetable  debris  are  decomposing  under  bacterial 
influence. 

A  consideration  of  the  geographical  distribution  of  the  world's 
principal  coalfields  shows  that  all  the  important  fields  adjacent 
to  the  North  Atlantic  and  Arctic  areas  (which  include  nearly  all 
the  fields  of  North-West  Europe  and  in  the  eastern  part  of  North 
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America)  originated  in  what  geologists  call  the  Carboniferous 
Period  of  the  Primary  Era;  while  what  may  be  termed  the 
"  Indian  Ocean  "  group  of  coalfields  (which  include  those  of 
China,  India,  Australia,  and  South  Africa)  originated  in  the 
somewhat  later  Permo-Carboniferous  Period.  Mesozoic  coals 
are  found  in  the  interiors  of  North  America  and  Asia  (intra- 
continental  group);  while  Tertiary  coals  are  chiefly  found  in 
what  may  be  termed  the  Pacific  borderland  (west  of  North 
America,  Japan,  and  New  Zealand),  as  well  as  in  regions  bordering 
on  the  Gulf  of  Mexico  and  the  Mediterranean. 

The  great  coalfields  of  the  Carboniferous  System  originated 
in  a  new  monster  vegetation  flourishing  in  a  rich  virgin  soil, 
with  an  equable  if  not  subtropical  climate,  and  laige  areas  of 
shallow  sea,  to  which  great  quantities  of  sediment  were  borne 
from  rivers.  Vegetable  tissue  has  in  all  ages,  then  as  now, 
been  built  up  by  the  action  of  chlorophyll  imder  the  influence 
of  sunlight,  stimulated  by  minute  quantities  of  mineral  salts 
drawn  in  by  the  roots,  upon  atmospheric  carbon  dioxide  and 
moisture,  which  action  sets  up  a  complex  series  of  chemical 
changes,  with  the  intermediate  formation  of  sugars  and  starches, 
ultimately  resulting  in  the  production  of  celluloses  and  ligno- 
celluloses,  as  the  basis  of  all  woody  tissue. 

Celluloses,  which  form  the  structural  basis  of  the  vegetable 
world,  comprise  a  class  of  carbohydrates  of  the  general  formula 
nCeHioOj  (C  =  44-4,  H  =  6-2,  and  O  =  494  per  cent.).  Taking 
CeHioOj  as  the  simple  "  constituent  group "  of  cellulose,  in 
which  there  are  grounds  for  believing  that  four  out  of  the  five 
oxygen  atoms  react  as  OH  groups,  it  is  probable  that  the  celluloses 
are  aggregates  of  such  constituent  groups  in  a  special  molecular 
configuration  of  cyclic  character.  The  process  of  "  lignification  " 
in  the  plant  cell  is,  according  to  Cross  and  Bevan,  characterised 
by  the  formation  of  groups  of  the  general  form — 


0:C/ 


H 
C^ 


(OH),         (OH), 

Ligno-celluloses  may  be  regarded  as  built  up  primarily  of  (i)  a 
lignone  portion,  consisting  of  a  reactive  "  keto  R.  hexene  group  " 
and  a  "furfurose"  (i.e.  furfiu^-yielding)  complex;  and  (2)  a 
cellulose  portion,  which,  however,  is  not  homogeneous  but  re- 
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solvable  into  a  more  resistant  and  a  less  resistant  group,  as 
follows : — 

Ligno-Celluloses 


Cell 


a 


uloses  Lignone 

I ~1 


^d  P  ^  Furfurosc      Keto  R. 

Hexene  Group. 

In  general,  and  for  statistical  purposes,  it  may  be  considered 

that  the  process  of  "  lignification  "  is  essentially  a  dehydration 

of  cellulose — 

aCeHioOj  =  Ci,H„0,  +  H,0, 

and  that,  under  normal  conditions  of  growth,  the  ligno-cellu- 
loses  are  further  progressively  dehydrated. 

Schultze  and  Schuppe  have  investigated  the  composition  of 
wood  tissue,  and  the  latter  expresses  it  as  an  aggregate  of  cellu- 
lose and  a  lignone  complex  C^Jtlifi^,  thus — 

SCeHjoOj,  Cx^igOj, 

from  which  it  would  appear  that  whilst  wood  tissue  is  similarly 
constituted  to  a  t3rpical  Ugno-cellulose,  it  contains  a  higher 
proportion  of  lignone  and  a  lower  proportion  of  cellulose.^ 

The  percentage  composition  of  these  various  substances  may 
be  summarised  as  follows  : — 


c. 

H. 

0. 

Cettuloses 

C^HioOj    . 

.  44.40 

6-20 

49-40 

LigiuhceUuloses 

C11H13O9  . 

.  47-05 

5-88 

47-05 

Wood  tissue 

SCeHjoOj,  CijHigOg 

.  49*66 

574 

44.60 

Wood      . 

•         •         • 

400-50-4 

6-0-6-25 

45-0 

The  vegetable  forms  which  flourished  in  the  Carboniferous 
Period  were  of  simpler  structure,  but  of  much  greater  size  than 
those  which  are  predominant  to-day — gigantic  ferns,  club  mosses, 
horsetails,  and  forms  intermediate  between  ferns  and  cycads — 
and  it  is  demonstrable  that  in  certain  cases  (e.  g,  the  Moira  seam 
near  Loughborough  in  Leicestershire)  entire  beds  of  coal  have 
been  formed  from  the  spores  of  such  plants. 

Much  controversy  has  waged  round  the  question  whether 
or  not  coal  formation  has  occurred  upon  the  actual  site  of  the 
original  vegetable  growth,  and  in  certain  cases  the  question  can 

See  Cross  and  Bevan's  Cellulose,  1916  edition. 
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be  answered  affiimatively.  The  necessary  conditions  in  such  a 
case  would  be  a  dense  forest  growth  in  swampy  areas  (estuarine 
or  in  great  inland  swamps),  together  with  such  oscillations  in 
level  as  are  known  to  have  occurred  during  the  Carboniferous 
Period.  The  rotting  vegetable  ddbris  would,  during  a  period  of 
subsidence,  be  overlaid  with  layers  of  water-deposited  sands 
and  clays,  which  on  re-elevation,  would  provide  a  suitable  soil 
for  renewed  vegetable  growth.  Proof  of  such  conditions  is 
afforded  by  the  occurrence  of  "  under-clays  "  or  fire-clays  with 
fossil  roots  (stigmaria)  below  the  coal  seams  in  certain  areas  {e.  g. 
the  Yorkshire  coalfield).  Other  coalfields,  however,  undoubtedly 
owe  their  origin  to  enonnous  masses  of  vegetable  ddbris  brought 
down  from  higher  levels  and  deposited  either  in  deltas  or  in  land- 
locked seas  or  lakes.  Such  fields  show  no  fossil  roots  in  the  under- 
strata, and  in  some  cases  fossil  remains  of  aqueous  and  marine 
life  are  found  immediately  above  and  below  the  coal  seams. 

Imagine  then  such  vegetable  dibris — ^whether  in  the  actual 
site  of  growth  or  after  transportation  by  river  to  some  other 
place— decaying  under  shallow  water  or  other  covering  sufficient 
to  protect  it  from  direct  atmospheric  action.  Bacterial  action 
(aerobic  fungi  and  anaerobic  organisms,  the  relative  influences  of 
which  depend  on  the  varying  water  level  in  the  bog  and  the  forma- 
tion of  ulmic  acid)  would  set  in,  much  as  in  existing  peat  bogs,  with 
evolution  of  enonnous  quantities  of  marsh  gas  (methane)  and 
carbon  dioxide.  Thus  M.  Renault,  from  an  extensive  study  of 
peat  formation,  represents  the  transformation  from  cellulose  to  a 
bituminous  coal  by  the  equation — 

4CJHioO,  =  C,HeO  +  7CH4  +  8C0,  +  3H,0. 

A  substance  of  the  formula  Cfifi  would  contain  C  =  83*1, 
H  ss  4*6,  O  a  Z2'3,  which  approximates  to  the  composition  of 
an  average  bituminous  coal. 

Such  primaeval  swamp  forests  would,  with  gradual  fall  in 
level,  become  submerged  to  a  greater  extent,  and  be  covered 
with  water-borne  ddbris  and  mineral  matter,  which,  on  sub- 
sequent re-elevation,  would  be  ready  for  a  fresh  vegetable  growth. 
Repetitions  of  the  process — i.e.  submersions  alternating  with 
re-elevations  or  filling  up— would  produce  several  distinct 
deposits  of  decomposed  vegetable  matter  separated  by  mineral 
matter  of  sedimentary  origin,  which  would  ultimately  give 
rise  to  the  various  separate  seams  of  coal  found  in  our  modem 

coalfields. 

*    a6 


THE  ORIGIN  AND  FORMATION  OF  COAL 

Finally,  such  successive  deposits  would,  in  the  course  of 
geological  time,  become  buried  as  a  whole  under  newer  mineral 
strata,  whose  accumulation  wotdd  "  blanket "  the  incipient  coal 
measures,  causing  a  gradual  increase  in  both  temperature  and 
pressure.  Moreover,  it  is  known  that,  during  the  later  stages 
of  the  Carboniferous  Period,  the  "  blanketed  "  strata  were  sub- 
jected to  intense  disturbances,  the  effect  of  which  would  be  to 
cause  the  present  distribution  and  local  destruction  by  denuda- 
tion of  the  measures.  These  causes,  operating  successively, 
wotdd  sufficiently  account  for  the  transfoimation  of  the  original 
decaying  woody  tissue  into  bituminous  coal  and  anthracite. 
Moreover,  such  changes  would  necessarily  involve  both  great 
shrinkage  in  bulk  and  loss  of  weight  in  the  original  vegetable 
dibris;  thus  it  has  been  demonstrated  that  the  existing  coal- 
fields represent  about  20  to  28  per  cent,  only  of  the  original 
weight  and  one-tenth  only  of  the  bulk,  of  the  original  woody  tissue 
from  which  they  were  formed. 

As  might  be  expected  from  its  origin  and  mode  of  formation, 
coal  is  by  no  means  uniform  in  character  or  composition.  Differ- 
ences in  respect  both  of  the  character  of  the  original  organic 
dibfis,  and  of  the  physical  conditions  imder  which  it  was  deposited 
and  subsequently  transformed  in  the  coalfields,  have  contributed 
to  produce  the  innumerable  grades  and  varieties  of  coal,  ranging 
from  highly  bituminous  gas  coals  to  anthracites,  such  as  are 
found  in  British  coalfields.  Indeed  coal  is  a  generic  teim  which 
includes  a  great  many  characteristic  individual  types  and  inter- 
mediate gradations,  and  it  is  the  business  of  the  chemist  to 
define  these  and  to  discover  how  each  may  be  utilised  to  the 
best  advantage. 

British  Coalfields 

The  succession  of  strata  in  the  Carboniferous  ^jrstem,  and 
the  occurrence  of  the  Coal  Measures  therein,  is  so  well  represented 
by  their  development  in  Great  Britain  that  it  will  suffice  for  the 
purpose  of  this  general  review  if,  for  the  present,  we  confine  our 
attention  to  the  predominating  features  of  our  own  coalfields. 
A  glance  at  a  geological  map  of  Great  Britain  will  show  that 
practically  all  the  areas  in  which  the  Carboniferous  System  comes 
to  the  surface  lie,  in  England,  between  two  parallel  lines,  the  one 
drawn  through  Hull  and  Portland  and  the  other  through  Berwick 
and  Pembroke,  and  in  Scotland  between  similar  parallels,  the  one 
drawn  through  Dunbar  and  Stranraer  and  the  other  through 
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Perth  and  Dtimbarton.  In  all  the  areas  to  the  north  and  north- 
west of  the  said  two  strips  of  country  (i,  e.  the  Scottish  Highlands 
and  the  Borderland,  Cumberland  (except  the  north-west  part)  and 
Westmoreland,  Central  Wales,  and  also  Devon  and  Cornwall)  the 
surface  strata  are  nearly  all  of  pre-Carboniferous  origin,  and  in 
such  areas  no  Coal  Measures  are  found.  On  the  other  hand,  in  the 
great  area  to  the  south-east  of  the  Hull  to  Portland  line,  the 
Carboniferous  strata  are  now  overlain  by  later  Mesozoic  and 
Tertiary  strata,  and  it  is  probable  that  coal-bearing  measures 
lie  deep  underground  in  parts  at  least  of  this  area. 

The  rocks  of  the  Carboniferous  System  fall  into  three  main 
divisions,  namely : — (i)  the  Carboniferous  or  Mountain  Limestone, 
undoubtedly  of  marine  origin,  resting  on  the  Old  Red  Sandstone 
(Devonian)  or  older  rocks,  and  attaining  to  a  maximum  thickness 
of  2000  feet  in  South-West  England,  in  South  Wales,  and  in  Derby- 
shire. The  upper  portion  of  this  Formation  consists  of  shales  and 
sandstones  (e,  g,  the  Yoredale  Rocks  in  the  borderland  between 
Yorkshire  and  Lancashire).  The  thickness  of  the  limestone  beds 
diminishes  and  that  of  the  shales  increases  northwards,  imtil  in 
Scotland  they  develop  into  a  sequence  of  coal-bearing  strata  known 
as  the  Edge  Coal  series ;  (2)  the  Millstone  Grit — ^a  series  of  coarse 
sandstones  and  shales  containing  towards  the  north  a  few  thin 
coal  seams ;  and  (3)  the  Coal  Measures  proper,  which  consist  of 
alternations  of  shales  and  sandstones  together  with  the  main 
coal  seams,  and  in  some  locaUties  nodular  deposits  of  clay  iron- 
stone (ferrous  carbonate),  making  altogether  a  thickness  of  many 
thousands  of  feet  (12,000  to  14,000  at  their  maximum  develop- 
ment). These  measures  naturally  fall  into  three  groups,  namely 
(a)  the  Lower,  (b)  the  Middle,  and  (c)  the  Upper  Measures,  all 
of  which  contain  workable  coal  seams.  The  more  valuable  seams 
are  as  a  rule  in  the  Middle  Measures,  The  uppermost  strata 
consist  of  clays,  marls,  and  sandstones  similar  in  character  to 
those  of  the  Permian  System  which  usually  lie  inunediately  above 
the  Carboniferous  Series. 

It  is  probable  that  nearly  the  whole  of  Great  Britain  south 
of  the  Scottish  Highlands  (with  the  exception  of  Cumberland  and 
Westmoreland,  Central  Wales  and  its  eastward  extension,  and 
Cornwall),  was  in  Carboniferous  times  laid  down  with  continuous 
sheets  of  vegetable  dibris,  which  were  subsequently  transformed 
into  coal  seams,  and  that  the  discontinuities  now  observable  in 
the  coal  areas  were  caused  by  post-Carboniferous  disturbances, 
and  subsequent  denudations.    Thus,  for  example,  there  is  little 
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doubt  but  that  the  now  separate  coalfields  of  Lancashire  and 
Yorkshire  were  originally  laid  down  as  one  sheet  of  coal  measures, 
the  continuity  of  which  was  subsequently  broken  by  the  elevation 
of  the  Pennines  followed  by  extensive  denudations. 

In  the  actual  coalfields,  the  coal  occurs  in  a  number  of  more 
or  less  regular  layers  or  seams  separated  by  bands  of  mineral 
matter;  these  seams  vary  in  thickness  from  a  few  inches  to 
several  feet  and  may  often  be  followed  continuously  for  a  con- 
siderable distance  vdthout  material  change  in  character,  as 
for  example,  in  the  celebrated  "  Bamsley  Seam  "  of  the  Yorkshire 
coalfield.  Sometimes,  however,  the  continuity  of  the  seams  in  a 
coalfield  is  repeatedly  interrupted  by  faults,  as  for  instance,  in 
the  North  Staiffordshire  and  Lancashire  coalfields,  both  of  which 
are  much  faulted.  The  thickest  seam  in  this  country  was  the 
celebrated  Ten- Yard  Seam  in  the  South  Staffordshire  coalfield, 
which  in  the  neighbourhood  of  Dudley  formed  one  almost  con- 
tinuous mass  of  from  30  to  40  feet  in  thickness,  but  further  north 
it  splits  up  into  eight  seams,  which,  with  the  intervening  shales 
and  sandstones,  attain  a  total  thickness  of  400  feet  in  the  northern 
end  of  the  field  (Cannock  Chase). 

The  coalfields  of  Great  Britain  may  be  grouped  geographically 
into  three  principal  areas,  each  having  distinctive  features, 
namely :  (a)  SotUhem  (South  Wales,  Forest  of  Dean,  Bristol,  and 
Kent);  (6)  Central  (Lancashire  and  North  Wales;  Yorkshire, 
Derbyshire,  and  Nottinghamshire ;  Leicestershire ;  Staffordshire, 
and  Warwickshire) ;  and  (c)  Northern  (Scotland,  Northumberland 
and  Durham,  and  Cumberland).  This  grouping  is  that  adopted 
by  Dr.  Walcot  Gibson  in  his  well-known  book  on  The  Geology  of 
Coal  Mining,  to  which  the  reader  is  referred  for  more  detailed 
information  than  it  is  possible  to  give  in  this  chapter.  The  more 
important  fields  are  as  follows : — 

(i)  Soulh  Wales  (Monmouth,  Glamorgan,  Carmarthen,  and 
Pembrokeshire),  covering  an  area  of  about  850  square  miles,  of 
which  150  are  under  the  sea,  with  seams  from  i  to  12  feet  (average 
2-5  to  3-0  feet)  thick,  and  yielding  all  classes  of  coal,  namely, 
bituminous  (31  per  cent.)  steam  coals  (47  per  cent.),  and  anthra- 
cites (22  per  cent.). — ^The  Carboniferous  strata  lie  in  an  elongated 
basin  which  is  almost  completely  surrounded  by  older  formations, 
and  complicated  towards  the  south  by  an  anticlinal  fold  nmning 
east  and  west.  The  basin  is  much  faulted,  and  the  rivers  have 
cut  a  series  of  deep  valleys  along  which  the  coal  seams  crop  out. 
Speaking  generally,  and  for  corresponding  depths  below  the 

29 


COAL  AND  ITS  SCIENTIFIC   USES 

surface,  there  is  a  gradual  transition  in  the  character  of  the  coal 
from  the  coking  varieties  in  the  east  and  south-east,  through  the 
first-class  steam  coals  of  the  centre,  to  the  semi-anthracites  and 
anthracites  in  the  west  and  north-west.  The  supposition  that  the 
anthradtisation  has  been  due  to  the  seams  having  been  subjected 
to  an  increasing  earth  pressure  has  been  questioned  by  Strahan 
and  Pollard  {Memoirs  of  the  Geological  Survey,  1908)  who,  from 
the  fact  that  the  ash  content  of  the  anthracites  is  invariably  much 
lower  than  that  of  the  bituminous  seams  which  are  their  continua- 
tion, suggest  that  the  difference  between  the  two  classes  of  coal 
may  be  due  to  some  original  disparity  in  the  vegetable  dibris 
from  which  they  have  been  derived.  In  the  eastern  and  south- 
eastern sections  of  the  field,  the  upper  and  middle  parts  of  the 
measures  are  chiefly  worked,  yielding  good  coking  and  bitiuninous 
coals ;  in  the  central  sections,  the  middle  parts  of  the  measures 
(the  Pennant  Series)  predominate,  whilst  in  the  extreme  west 
the  seams  occur  in  lower  parts  of  the  measures  only.  The 
percentage  composition  of  the  more  important  classes  of  coals 
usually  falls  within  the  following  limits : — 


TABT,K  X 

Class. 

C. 

H. 

0.  ami  N. 

S. 

Ash. 

VolatUes 

Anthracites 
Steam  . 
Bituminous 
(coking)   . 

9i'0-93*o 
85'0-90-o 

8o'0-95*o 

3-0-37 
4-0-4-7 

50-5-5 

I  •9-3-5 
3-5-4-5 

0'7-i»o 
0-7-1 '5 

o»7-i*7 
2-o-3'3 

5«o-6-o 

7*0-20*0 
20«0-25'0 

(2)  Forest  of  Dean. — A  small  field  (34  square  miles)  forming  a 
complete  basin  between  the  Wye  and  Severn  valleys,  and  con- 
taining thirty-one  seams,  of  which  only  sixteen  exceed  i  foot  in 
thickness.  The  total  thickness  of  the  measures  is  2765  feet, 
and  they  are  completely  girdled  by  older  formations.  The  coals 
resemble  in  character  those  found  in  the  eastern  section  of  the 
South  Wales  field ;  the  upper  and  middle  parts  of  the  measures 
yield  excellent  gas  and  house  coals,  whilst  the  lower  parts,  which, 
however,  are  difficult  to  work,  owing  to  accimiulations  of  water 
therein,  contain  good  steam  coals. 

(3)  Bristol  (Somerset  and  Gloucester).  —  The  coalfields  of 
this  region  form  a  number  of  basins  of  var5dng  areas  (total  = 
2385  square  miles),  the  edges  and  outlines  of  which  are  masked  by 
newer  rocks,  so  that  there  are  five  or  six  detached  "  exposed  " 
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fields  and  a  considerable  intervening  axea  of  "  concealed  "  coal- 
fields. They  may  be  divided  into  three  groups,  namely :  (a) 
Soutitem,  with  twelve  workable  seams,  having  a  total  thickness 
of  23  feet,  (b)  Central,  with  thirty-five  seams,  of  average  total 
thickness  of  65  feet,  and  {c)  Northern,  with  seven  seams,  having 
an  average  total  thickness  of  10  feet.  The  measures  are  divided 
into  upper  and  lower  portions  by  a  sandstone  bed,  some  2000  to 
2500  feet  in  thickness,  known  as  the  Pennant  Rock,  which, 
although  it  contains  locally  some  thin  coal  seams,  is  practically 
unproductive.  The  upper  parts  of  the  measures  (the  Radstock 
and  Farringdon  Series)  yield  bituminous  house  and  gas  coals; 
the  lower  part  (Kingswood  and  Vobster  Series)  yield  both  house 
and  coking  coals.  The  combined  annual  outputs  of  the  various 
fields  is  comparatively  small,  and  is  ahnost  all  consumed  locally. 

(4)  Kent. — ^This  field,  which  was  first  actually  proved  by  an 
experimental  boring  at  Shakespeare's  Cliff,  Dover,  begun  in 
1886,  in  which  Coal  Measures  were  encoimteied  at  a  depth  of 
1 100  feet  below  the  surface,  is  generally  considered  to  be  a  west- 
ward' prolongation  of  one  of  the  basins  of  the  N.  French  and 
Belgian  coalfields  (li^e,  Calais,  etc.).  The  coals  are  similar  to 
those  of  the  Somerset  field  and  are  all  bituminous  in  character. 

(5)  Staffordshire,  divided  into  {a)  North  Staffordshire  (100  square 
miles),  and  (b)  South  Staffordshire  (150  square  miles). — ^In  the 
North  Staffordshire,  or  Potteries,  area  the- Carboniferous  sequence 
(i.  e.  of  upper,  middle,  and  lower  coal-bearing  measures  underlaid 
by  the  Millstone  Grit  and  Carboniferous  Limestone)  is  complete 
although  much  broken  by  faults.  With  the  exception,  however, 
of  two  seams,  which  have  been  worked  along  the  eastern  boundary 
in  the  lower  portions  of  the  measures,  all  the  principal  workable 
seams  (fourteen  in  number)  occur  in  the  middle  portions  of  the 
measures  and  most  of  them  average  6  feet  in  thickness.  They  yield 
good  coking  as  well  as  gas,  house,  and  furnace  coals.  Some  of  the 
seams  are  worked  in  conjunction  with  the  Black  Band  ironstone 
found  in  the  Coal  Measures  in  this  area. 

The  South  Staffordshire  area  is  divided  by  a  fault  into  a  northern 
and  a  southern  section.  The  northern  section  contains  some 
fourteen  workable  seams  in  the  middle  portions  of  the  measures ; 
towards  the  south  the  measures  thin  out  considerably  in  respect 
of  total  thickness,  and  a  number  of  the  individual  seams  are 
found  to  have  converged,  finally  forming  the  once  famous  Dudlev 
Ten- Yard  Seam.  Neither  Mttllstone  Grit  nor  Carbonifer 
Limestone  occur  below  the  coal-bearing  measures.    The  < 
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obtained  include  both  gas,  house,  and  furnace  varieties;  but 
neither  "  steam "  nor  "  hard  coking "  coals  are  found.  In 
places  the  coals  have  been  damaged  by  igneous  intrusions  such 
as  that  of  Rowley  Regis. 

(6)  Warwickshire. — ^This  coalfield  comprises  an  area  of  about 
60  square  miles  in  the  North  and  North-East  of  Warwickshire, 
between  Tamworth,  Nuneaton,  and  Coventry,  in  which  the 
sequence  of  the  Carboniferous  rocks  is  the  same  as  that  found  in 
South  Staffordshire  (q.v,).  The  total  thickness  of  the  productive 
measiu-es  is  greatest  in  the  north,  where  also  the  individual  seams 
are  most  numerous ;  towards  the  south  the  measures  get  thinner 
and  some  of  the  separate  seams  converge  to  form  much  thicker  ones, 
as  in  South' Staffordshire.  The  coals  are  generally  "  oxidised  " 
and,  therefore,  non-coking,  with  a  high  percentage  of  "  volatiles." 

(7)  Leicestershire, — ^The  "exposed"  coalfield  in  North- West 
Leicestershire  covers  an  area  of  about  30  square  miles,  beyond  and 
around  which,  however,  the  Coal  Measures  continue  for  another  54 
square  miles  as  a  "  concealed  "  field  under  later  Triassic  rocks. 
Unlike  the  coal-bearing  measures  in  South  Staffordshire  and 
Warwickshire,  those  of  Leicestershire  are  underlaid  by  Millstone 
Grit  and  Carboniferous  Limestone.  The  coals  are  free-biuning 
and  similar  in  type  to  those  of  Warwickshire. 

(8)  Yorkshire,  Derbyshire,  and  NoUinghatnshire. — ^This,  perhaps 
the  largest  of  all  our  British  coalfields,  comprises  an  area  of  808 
square  miles  of  "  exposed  "  and  1328  square  miles  of "  concealed  " 
measures.  The  "  exposed  "  measures  stretch  in  an  unbroken  line 
for  a  distance  of  65  miles  from  Leeds  in  the  north  to  Nottingham 
in  the  south,  the  breadth  being  about  23  miles  at  its  maximum 
towards  the  north,  and  about  10  miles  at  its  minimum  near  the 
southern  end.  Throughout  the  area  the  sequence  of  the  Car- 
boniferous Formation  is  complete,  the  coal-bearing  measures 
being  underlaid  by  the  Millstone  Grit  and  the  Carboniferous 
Limestone,  and  they  have  nowhere  been  affected  by  igneous 
intrusions.  The  upper  measures  have  been  proved  in  boring 
operations  under  the  New  Red  Sandstones,  but  they  are  every- 
where unproductive  of  coal.  The  chief  workable  seams  nearly 
all  belong  to  the  middle  parts,  although  one  or  two  important 
seams  occur  in  the  lower  parts  of  the  measures.  The  coals  are 
highly  bitimiinous,  with  from  25  to  45  per  cent,  of  "  volatiles/' 
and,  although  varied  in  character,  are  nearly  all  of  high-grade 
quality.  Some  of  the  best  English  house  and  gas  coals,  as  well 
as  good  coking  and  steam  coals  are  derived  from  the  different 
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seams  in  this  field.  Speaking  generaUy,  most  of  the  seams  found 
north  of  Sheffield  have  marked  coking  properties,  although  none 
of  the  coals  yields  so  good  or  hard  a  metallurgical  coke  as  do  the 
famous  Durham  coking  coals.  South  of  Sheffield  the  coking 
properties  of  the  coals  diminish,  but  their  gas-making  qualities 
improve.  In  the  southern  part  of  the  field  (Notts)  the  seams 
have  apparently  been  "  oxidised,"  and  although  the  coals  obtained 
from  them  yield  a  large  amount  of  gas,  they  are  non-coking. 
The  celebrated  Bamsley  Bed  yields  a  hard  "  steam  "  coal  which 
is  a  good  locomotive  and  marine  boiler  fuel,  whilst  the  well- 
known  Silkstone  Beds  are  unsurpassed  for  their  gas  and  house 
coals. 

(9)  Lancashire, — ^An  irregular  area,  much  faulted  and  broken 
by  an  E.-W.  anticline,  extending  from  Burnley  in  the  north  to 
^hton-on-L3me  on  the  south  (with  a  long  tongue  projecting 
southwards  through  Stockport  to  Macclesfield),  and  from  Oldham 
in  the  east  to  St.  Helens  in  the  west.  The  total  "  exposed  "  area 
is  about  500  square  miles.  The  principal  seams  in  the  southern 
and  central  areas  of  the  field  are  all  found  in  the  middle  parts 
of  the  measures,  the  upper  parts  nowhere  containing  workable 
seams.  The  seams  in  the  lower  part  of  the  measures  become 
important  in  the  northern  districts  in  the  neighbourhood  of 
Accrington  and  Burnley.  The  coals  got  from  the  seams  in  the 
middle  parts  of  the  measures  belong  almost  exclusively  to  the 
"  gas-coal "  class  and  generally  contain  from  30  to  35  per  cent,  of 
"  volatiles."  Several  of  these  seams,  notably  the  Yard  Mine, 
Arley,  and  Trencherbone,  yield  a  fairly  good  coking  coal.  The 
famous  "  Mountain  Mine  "  seams  occurring  in  the  lower  parts 
of  the  measures  (Burnley  and  Accrington)  yield  coals  containing 
from  26  to  27  per  cent,  of  "  volatiles,"  which  produce  a  coke 
almost,  if  not  quite,  equal  to  the  best  Durham  coke. 

(10)  North  Wales  (Flintshire  and  Denbighshire). — ^This  field 
(area  =  103  square  miles)  is  similar  in  character  to  the  Lanca- 
shire field.  All  the  workable  seams,  however,  are  in  the  middle 
parts  of  the  measures.  The  coals  are  similar  in  character  to  those 
occurring  in  the  southern  and  central  portions  of  the  field ;  they 
contain  from  33  to  35  per  cent,  of  "  volatiles,"  and  yield  a  fair 
quality  of  coke. 

(11)  Durham  and  Northumberland,  In  the  great  Northern 
region  of  which  Durham  and  Northumberland  form  an  important 
part,  there  is  a  development  of  coal  seams  (more  strongly  marked 
the  farther  north)  in  Lower  Carboniferous  Rocks,  the  equivalent 
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of  the  Carboniferous  Limestone,  a  feature  which  is  absent  in  the 
Midland  and  Southern  fields.  The  total  area  of  the  Durham  and 
Northumberland  field  is  about  800  square  miles.  In  the  Lime- 
stone Series  there  are  a  few  workable  seams  which  increase  in 
nmnber  and  thickness  from  south  to  north,  but  in  the  main  part 
of  the  field  the  coal  occurs  chiefly  in  the  middle  parts  of  the 
measure.  The  southern  and  western  districts  of  Durham  produce, 
perhaps,  the  finest  coking  coals  in  the  world,  containing  from  22  to 
28  per  cent,  of  "  volatiles,"  and  comparatively  small  amoimts  of 
sulphur  or  ash.  The  central  district  (Sunderland  to  Newcastle) 
produces  fine  qualities  of  gas  and  house  coals.  The  Northumber- 
land seams  are  for  the  most  part  "  oxidised  '* ;  they  contain  a 
rather  large  amount  of  moisture  and  are  non-coking.  They  are 
largely  used  for  steam  coals,  and  they  are  excellent  as  "  gas- 
producer  "  coals. 

(12)  Cumberland  or  Whitehaven  Coalfield. — ^The  area  of  this 
field  is  150  square  miles,  and  the  character  of  the  coals  is  in 
general  similar  to  those  obtained  from  the  northern  districts  of 
Durham. 

(13)  Scotland, — ^The  Scottish  coalfields  extend  from  Fifeshire 
on  the  east,  across  a  belt  between  the  Forth  and  Clyde,  thence 
westwards  into  Lanarkshire  and  Ayrshire,  with  an  isolated 
small  area  in  Midlothian.  The  upper  parts  of  the  measures  are 
well  developed  throughout  the  area ;  the  middle  measures  attain 
a  thickness  of  from  800  to  1500  feet.  Below  the  latter  is  the 
"edge-coal"  group  in  the  Carboniferous  Limestone  Series, 
highly  inclined  at  its  outcrop  (Fifeshire,  Midlothian),  and  contain- 
ing bands  of  cannel.  GeneraUy  speaking,  the  coals  are  bituminous, 
with  a  high  percentage  of  "  volatiles."  The  best  coking  varieties 
are  found  in  the  neighbourhood  of  Glasgow,  and  the  coking  seams 
stretch  as  far  eastward  as  the  Firth  of  Forth.  The  Ajrrshire  coals 
are  chiefly  non-coking,  and  are  excellent  as  "  gas-producer  "  coals. 
In  Fifeshire  the  seams  in  the  Carboniferous  Limestone  in  the 
neighbourhood  of  Dunfermline  yield  first-class  steam  and  house 
coals.  The  Scottish  coalfields  have  been  subjected  to  igneous 
intrusions  to  an  extent  rarely  met  with  in  England,  and,  con- 
sequently, some  of  the  bituminous  seams  have  been  locally 
converted  into  steam  coals  and  anthracitic  varieties. 
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CHAPTER  III 

THE  CHEMICAL  COMPOSITION  OF  COAL 

A.    Introduction — Occludbd  Gas — ^Moisturb — Asu — Coal  Wasbxno 

— Salts  in  Coal 

From  what  is  known  of  their  origin  and  mode  of  formation 
it  may  in  general  be  anticipated  that  all  coals,  whatever  their 
geological  age,  will  contain  (i)  various  combustible  organic 
compounds,  complex  in  structure  and  of  high  molecular  weight, 
representing  the  degradation  or  transformation  products  of  the 
ligno-celluloses,  resinous  matters,  and  proteids  in  the  vegetable 
debris  from  which  they  were  originally  derived ;  and  (2)  variable 
amounts  of  mineral  matter,  which  give  rise  to  the  "  ash  "  remain- 
ing when  the  coal  is  burnt,  and  which  represent  partly  the 
small  amount  of  mineral  matter  in  the  original  vegetation,  or 
the  soil  in  which  it  grew,  and  partly  also  other  associated  mineral 
matters  either  deposited  contemporaneously  with  the  coalfield 
or  subsequently  introduced  by  infiltrations. 

The  various  organic  bodies,  which  together  form  what  is 
sometimes  termed  the  "  coal  substance/'  are  all  compounded 
chiefly  of  the  elements  carbon,  hydrogen,  oxygen,  nitrogen,  and 
sulphur,  the  relative  proportions  of  which  may  be  determined 
wi^  considerable  accuracy  by  the  usual  methods  employed  for 
the  analysis  of  oiganic  compounds  generally.  But  the  ascertain- 
ment of  the  nature  of  the  various  complexes  which  make  up  the 
coal  substance,  and  still  more  so  of  the  relative  proportions  in 
which  they  are  present  in  any  particular  coal,  is  a  problem  beset 
with  such  difficulties  that  its  solution  has  hitherto  proved  well- 
nigh  beyond  achievement  by  any  present  known  method  of 
chemical  attack. 

Occluded  Gas 

It  has  been  long  recognised  that  coals,  like  most  other  non- 
vitreous  solids,  have  the  power  of  "  occluding  "  gases,  and  as 
during  the  process  of  their  formation  from  the  original  vegetable 
d^is  vast  quantities  of  gases  were  evolved,  it  is  to  be  expected 
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that  coal  as  it  occurs  in  the  seam  will  contain  "  occluded  "  gases. 
Any  gas  so  occluded  in  freshly-won  coal,  which  as  a  rule  does 
not  exceed  5  c.cs.  per  gram,  may  be  withdrawn  by  continuous 
exhaustion  of  the  finely  divided  coal  either  at  the  ordinary  tem- 
perature or  at  100°  C.  The  composition  of  such  gas  varies 
considerably,  but  carbon  dioxide,  methane,  or  nitrogen  are 
usually  found  therein.  It  has  been  suggested  that  two  active 
processes  are  simultaneously  set  up  as  soon  as  the  coal  is  removed 
from  the  seam,  namely  (i)  an  exudation  of  methane  and  other 
saturated  hydrocarbons,  and  (2)  an  absorption  of  air  causing 
oxidations  within  the  coal  substance.  These  processes,  operating 
independently  but  concurrently,  would,  it  is  claimed,  account 
for  the  observed  variation  in  the  composition  of  the  gas  withdrawn 
from  samples  of  coal  of  different  origin.^ 

The  subject  has  been  investigated  at  different  times  by  E.  von 
Meyer  in  Germany,  by  W.  J.  Thomas,  Bedson,  McConnell, 
Trobridge,  and  R.  V.  Wheeler  in  England,  and  by  S.  W.  Parr  in 
America.  The  following  tj^pical  figures  are  taken  from  the 
result  of  an  extensive  investigation  by  W.  J.  Thomas  in  1875 
upon  the  gases  occluded  in  British  coal : —  * 
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The  following  analyses  by  P.  P.  Bedson  and  R.  V.  Wheeler 
indicate,  as  might  be  supposed,  that  ethane,  as  well  as  methane, 
is  occluded  in  coal  dusts,  a  circiunstance  to  which  attention 
has  also  been  drawn  in  the  Report  of  the  Austrian  Fire  Damp 
Commission.  R.  V.  Wheeler  has  found  measurable  quantities 
of  carbon  monoxide  also  in  the  occluded  gases. 


*  S.  W.  Parr  and  Perry  Barker,  "  Occluded  Gases  in  Coal,"  University 
of  Illinois  Bulletin,  No.  32  (1909). 
■  Joum,  Chem.  Soc,  XIII.  (1875),  p.  793. 
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Total  gas  in  c.cs.  per  gram 
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MoiSTXTRE  IN  Coal 

Coal,  when  freshly  mined,  often  contains  much  water  ("  pit 
water").  Most  of  it  is  lost,  more  or  less  rapidly  according 
to  the  hygrometric  conditions  of  the  atmosphere  and  other 
circimistances,  by  a  natural  process  of  "  air  drying."  The 
remainder  is  completely  lost  when  the  finely  divided  coal  is 
maintained  for  a  short  time  at  105°  C.  It  is,  however,  to  be 
borne  in  mind  that  the  amount  of  water  present  in  a  coal  at  any 
moment  is  liable  to  variation,  according  to  "  atmospheric  "  con- 
ditions, and  the  circumstances  of  its  storage.  Thus  a  coal 
which  has  undergone  a  considerable  amount  of  "  air  drying  "  in 
dry  summer  weather  will  slowly  re-absorb  moisture  if  exposed 
to  a  damp  atmosphere.  Hence  the  moisture  content  of  a  stored 
coal  tends  to  increase  in  damp  and  to  decrease  in  dry  weather, 
and  does  not  remain  quite  constant  for  long  together. 

Such  variations  led  the  chemists  who  were  responsible  for 
oiiganising  the  chemical  work  in  connection  with  the  investiga- 
tion of  Canadian  Coals,  recently  carried  out  under  the  auspices 
of  the  Dominion  Department  of  Mines,  to  adopt,  as  a  standard 
of  air  drying  which  should  be  independent  of  variations  in 
atmospheric  conditions,  the  plan  of  always  dr3dng  a  crushed 
sample  of  coal  until  its  weight  became  constant  in  a  current  of 
air  which  had  been  drawn  at  the  laboratory  temperature  through 
a  solution  of  calcium  chloride  of  sp.  gr.  i*30.  Since  the  vapour 
pressure  of  such  a  solution  is  approximately  0-58  that  of  pur 
water,  and  is  not  materially  affected  by  small  changes  of  ter 
perature  in  the  neighbourhood  of  the  usual  laboratory  temper 
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ture,  the  method  would  produce  a  result  corresponding  to  "  air 
drying  "  at  such  temperature  in  an  atmosphere  of  58  per  cent, 
humidity.^  But  inasmuch  as  all  bituminous  coals  are  liable, 
some  more  than  others,  to  absorb  oxygen  slowly  on  exposiuje  to 
air,  it  would  perhaps  be  preferable  to  carry  out  such  a  process 
in  a  current  of  nitrogen  or  other  inert  gas,  where  considerable 
accuracy  is  required. 

Messrs.  Porter  and  Ralston,*  of  the  U.S.  Bureau  of  Mines, 
have  recently  published  a  paper  on  "  Some  Properties  of  Water 
in  Coal,"  in  which  it  is  suggested  that  a  discrimination  should 
be  made  between  what  they  term  "  free  "  water  and  "  inherent  " 
or  "  combined  "  water  in  coals.  They  also  infer  that  the  inherent 
water  has  a  sub-normal  vapour  pressure,  indicating  the  presence 
of  variable  proportions  of  colloidal  matter  in  coals.  This,  how- 
ever, is  a  subject  which  requires  further  investigation,  especially 
in  regard  to  lignitic  coals,  before  any  definite  conclusions  can  be 
formed. 

Mineral  Matter  (Ash)  in  Coal 

A  dry  coal  always  contains  a  variable  amount  of  mineral 
matter  associated  with  the  coal  substance  itself  and  which  gives 
rise  to  the  ash  when  the  coal  is  burnt.  This  mineral  matter 
varies  greatly  in  amount,  colour,  composition,  and  fusibility, 
and  if  either  unduly  large  in  amount  or  highly  pyritic  in  character 
may  affect  detrimentally  the  commercial  value  of  a  coal. 

A  distinction  must  be  drawn  between  the  heavier  mineral 
matter  ("  dirt "),  such  as  pyrites  (sp.  gr.  5-0),  shale  (sp.  gr.  2-5), 
and  gypsum  (sp.  gr.  2-3),  often  irregularly  mixed  with  freshly 
mined  small  coal  (sp.  gr.  1-2  to  i'3),  and  from  which  a  separation 
can  be  effected  either  by  hand  picking  or  by  mechanical  washing 
{q,  V.)  and  what  is  sometimes  termed  true  or  "  fixed  "  ash  of  the 
coal,  which  is  disseminated  more  or  less  uniformly  throughout 
its  entire  mass  and  cannot  be  so  removed.  The  heavier  "  dirt " 
represents  either  sedimentary  mineral  matter  (e.  g,  shale)  which 
was  deposited  contemporaneously  with  the  coalfield,  and  which 
forms  the  "  partings  "  between  the  various  seams,  or  mineral 
matter  {e.  g.  FeSj)  which  may  have  been  introduced  by  infiltra- 
tions of  various  solutions  after  the  coal  was  laid. 

The  "  fixed  ash  "  of  a  coal  varies  considerably  both  in  amount 

^  Reports  on  an  Investigation  of  the  Coals  of  Canada,  VoL  II.  (19x2), 

P-  131. 
'  Technical  Paper  113,  U.S.  Bureau  of  Mines. 
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and  composition  according  to  the  locality  of  the  seam  from  whence 
it  is  derived.  Also,  variations  may  sometimes  occur  both  in  the 
amomit  and  character  of  the  "  ash  content "  along  a  particular 
seam.  Such  differences  are  usually  gradual  so  long  as  they 
relate  to  the  same  "  horizon  "  or  axis  of  the  seam,  but  they  may 
be  abrupt  in  a  vertical  direction  in  the  seam,  especially  when  the 
successive  layers  of  the  coal  in  it  show  marked  differences  in 
texture  {e.  g.  the  Bamsley  Seam,  South  Yorkshire  Coalfield).  The 
investigation  of  the  variations  in  the  ash  content  of  a  particular 
coal  seam,  both  along  its  main  axis  and  also  in  directions  vertical 
thereto  at  different  selected  places,  may,  therefore,  be  a  very 
important  matter  in  regard  to  the  chemical  survey  of  the  seam. 

No  rule  concerning  the  fixed  mineral  matter  can  be  stated.  It 
rarely  amounts  to  less  than  2  per  cent,  of  the  weight  of  the 
coal,  and  it  may  occasionally  exceed  20  per  cent.  In  a  really 
first-class  coal  it  should  not  be  more  than  7  or  8  per  cent.,  and 
beyond  a  12  per  cent,  content  its  presence  may  involve  serious 
loss  or  inconvenience  to  the  consumer.  In  the  United  States 
within  recent  years  the  practice  has  become  prevalent  of  fixing 
a  "  standard  ash  content "  when  a  contract  for  the  supply  of 
coal  is  made.  The  seller  is  then  entitled  to  receive  a  premium 
of  I  per  cent,  per  ton  for  each  whole  per  cent,  that  the  average 
ash  in  the  consignment  supplied  is  less  than  the  stipulated 
standard  percentage.  An  increase  of  2  per  cent,  in  the  ash 
content  over  the  standard  figure  is  allowed  without  altering  the 
contract  price,  but  any  excess  beyond  this  2  per  cent,  margin 
involves  a  deduction  from  the  contract  price  amounting  usually 
to  2  cents  per  ton  for  each  i  per  cent,  by  which  the  ash  content 
exceeds  the  penalty  limit.    (See  also  Chapter  XI.) 

A  distinction  must,  however,  be  drawn  between  the  "  fixed  " 
mineral  matter  as  it  actually  occiu^  in  the  coal  and  the  "  ash  " 
which  remains  when  the  coal  is  burnt,  for  these  are  not  necessarily 
or  usually  the  same,  owing  to  chemical  interactions  during  com- 
bustion between  the  mineral  constituents,  the  air,  and  the  coal 
substance  itself. 

The  colour  of  the  ash  from  a  coal  varies  from  a  pure  white 
(or  cream)  to  a  dark  chocolate  colour  according  to  its  ferruginous 
character,  and  its  fusibility  varies  with  its  chemical  composition 
over  a  wide  range.  A  remarkably  pure  white  ash  which  the 
author  once  found  to  an  extent  of  33-9  per  cent,  in  an  Australian 
bituminous  coal  contained — 

SiO  2  =  534,  Al^jOg  =  44*0,  CaO  =  2-0,  alkalies  etc.  =  0-5  percr 
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together  with  only  the  merest  trace  of  iron  oxide.  Needless  to 
say  such  a  material  would  be  infusible  at  the  highest  temperature 
ordinarily  attained  in  a  boiler  or  reverberatory  furnace,  and  its 
presence,  even  in  moderately  large  amount,  would  not  interfere 
with  the  "free  burning"  qualities  of  the  coal  substance. 

The  following  table  will  give  some  idea  of  the  great  variations 
found  in  the  composition  of  the  ashes  of  some  tjrpical  English 
coals : — 


TABLE   XIU 


Colour  of 
Ash. 


SiO, 
A1,0, 
Fe,04 
MnO 
CaO 
MgO 
SO, 
P.O. 
and 
Alkali 


It 


Grey. 


40*6 
38-9 
675 

5-27 
trace 

5*20 


Durham 
Hard 

Coking 
CoaL 


Buff 
red. 


44-5 
39.0 

12-3 
I  traces 

2'I 

0'7 


Bamsley 
Hard  Coal, 

South 
Yorkshire. 


Cream. 


Lancashire  Coals. 


Wigan 

4  Ft. 

Seam. 


Arley. 


Dark 
red. 


Chocolate. 


Trencher- 
bone. 


Dark 
red. 


Chocolate. 


48*0 

35-0 

2-5 

9-25 


5-25 


3140 
21-15 
22-85 

16-25 

O-IO 

7-00 

O-II 


26*40 
28-00 
32-42 

nJl 
7-00 
2-88 
2-74 

0-28 


3940 
28*49 

22-85 

0-40 

4-30 
1*08 
3-26 

0-17 


Wigan 
6Ft 
Seam. 


33*8o 
21-75 

29-30 

nU 

300 

3-25 

8-58 

0-32 


Florida. 


Dark 
red. 


30*00 

I9*I5 
22*14 

0*65 

11*10 

3-65 
13*29 


The  relation  of  the  fusibility  of  the  ash  of  a  coal  to  its  chemical 
composition  is  a  very  important,  though  somewhat  complex, 
question,  concerning  which  the  present  state  of  our  knowledge 
is  not  sufficiently  definite  to  warrant  the  laying  down  of  any 
precise  rules.  Inasmuch,  however,  as  the  simplest  coal  ash 
consists  primarily  of  alumina  and  silica,  to  which,  as  the  com- 
position increases  in  complexity,  are  added  chiefly  lime  and 
oxides  of  iron  in  varying  proportions,  the  question  of  its  fusibility 
is  related  to  that  of  the  fusibility  of  alumino-silicates  {e.  g.  blast 
furnace  slags)  in  general.  The  fusion  points  of  mixtures  of  two 
constituents  such  as  silica  and  alumina  will  vary  regularly  with 
the  relative  proportions  of  each,  and  there  is  a  certain  "  eutectic  " 
mixture  of  lowest  melting-point.  Similarly  successive  additions 
of  Hme  C  to  a  given  mixture  AB  of  silica  and  alumina  will  pro- 
gressively lower  its  melting-point  until  a  certain  limiting  propor- 
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tion  ABC  of  lowest  melting-point  is  reached,  after  which  further 
additions  of  C  will  gradually  raise  the  melting-point  above  this 
minimum  temperature.  Similar  effects  would  again  be  pro- 
duced by  adding  a  fourth  constituent  D  (FeaO^)  to  a  particular 
mixture  ABC  of  alumina,  silica,  and  lime.  Hence  the  fusibility 
of  the  ash  from  a  particular  coal  is  conunonly  observed  to 
increase  up  to  a  certain  point  sometimes  with  its  ferruginous 
character,  sometimes,  however,  with  its  lime  content,  and, 
speaking  generally,  with  the  content  of  some  "  most  variable  " 
constituent. 

The  question  has  been  investigated  by  Dr.  J.  T.  Dunn  of 
Newcastle- on -Tyne,  who  has  published  the  results  of  his 
analyses  and  fusion-point  determinations  of  a  series  of  nineteen 
different  coals  ^  (chiefly  Northumberland  »  N,  Durham  =  D, 
and  West  of  Scotland  »  S),  from  which  the  following  are  selected 
as  typical  examples : — 


TABLE  XIIb 
Dr.  J.  T.  Dunn's  Analyses  and  Mblting-podit  Determinations 


No.  of 
Sample 

3 

5 

7 

8 

10 

12 

14 

16 

17 

18 

Origin 

N. 

D. 

D. 

N. 

S. 

S. 

D. 

N. 

D. 

Spitz- 
bergen. 

SiO,       . 

Fc,0,    . 
MnO 
CaO       . 
IfRO      . 
Alkali    . 
TiO,      . 

36-90 

25-82 

25-00 

0-30 

3-71 

2-IO 

4*79 
1-38 

40-40 

29-34 
15-21 

0-30 

4-61 

1-96 

7-23 
0-95 

42-10 

30-67 

21-70 

0-30 

0-99 
0-76 

2-55 
0-92 

42-70 

3505 

8-79 

trace 

5-84 

1-30 
2-09 

i-i6 

41-20 

33-45 

17-14 

0-40 

3-70 
1-78 

0-83 

I-4I 

4930 

35-40 
7-29 

0-30 

2-96 

1-34 
1-90 

I-5I 

47-10 

37-39 

11*14 

0-40 

0-82 

0-65 

1-38 

1*12 

51-10 

35-93 
4-86 

trace 

2-78 

o-»o 

3-32 
1-21 

51-80 

3825 

5-64 
trace 

0-45 
0-74 

1-71 

1-41 

51-15 

44-70 

1-25 

trace 

1-15 
0-36 

1-20 
X-I5 

Melting- 
point  C* 

1150" 

1230" 

1340" 

1380** 

1390"* 

1460'' 

1460" 

1480*' 

1500** 

— 

From  Dr.  Duim's  work  it  would  appear  that  the  melting-point 
of  a  coal  ash  may  vary  between  as  low  as  1000°  and  1500^  C. 
(or  even  higher),  according  to  its  chemical  composition,  and 
that,  although  at  present  no  general  law  can  be  formulated,  the 
melting-point  as  a  rule  rises  as  the  relative  total  molecular  pro- 
portion of  basic  oxides  to  silica  diminishes.    It  may  be  noted 

^  Joum.  5oc.  Chem,  Ind.,  1918,  87,  p.  17T. 
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tbat  the  composition  of  the  infasihlft  Spitzbeigen  ash  (No.  i8)  is 
zKariy  the  sazie  «s  that  of  the  Aostialiaii  example  abeady 
quote^L 

F.:t*  cviery  properties  of  a  coal  are  undoubtedly  influenced 
u.'  5CQI*  ex::?c:t  by  the  canposition  of  its  ash,  as  also  is  the  rapidity 
.u  .vcl!rc:^o:lI  cc  the  coal  substance.  Then,  again,  a  highly 
:errirnLu:>  i:?^  50 :h  as  is \iek)ed  by  a  pyritic  coal,  fonns  a  fusible 
tvrr.'us  iLnTits  wtuch  is  a  proli&  souroe  of  "  rlinkering  "  trouble 
:ii  rirraos^  Aoii  ibe  iie.  For  a  given  class  of  "  steam  "  or  "  fur- 
-iiiof  '  r.-aj&  tiie  less  SerrapDaos  the  ash  the  better;  the  same 
.viij:ut.-r4:  ciL  w.icli  ^^T  ^^  ^^  sdection  of  a  "  gas-producer  " 
,v*c  r-.'ci  A  xTTTT.'Sef  cc  otberwisc  soital^  varieties.  The  fonna- 
1^.  s  .*c  X  rcszTriie  i^rrmss  sibc&te  ircxn  the  ash  constituents  in  the 
r.iT-:*!'.'^  :c  a  j^c^amroc^  bciDer  under  hi^  draught  conditions  is 
*.:sojul .  rrjwVTnsf^it  ior  the  ionn&ricAi  of  "  swallow  nests  "  in  the 
vr^iii  :c»ecizis%  cid  ^le  bccjer  t^bes  v±idi  so  seriously  impair  the 
sc^xr.  ^.c  cx:*fccrrr  od  the  baiier, 

•«  A  « 

Hie  pcicDce  of  washing  smiJl  cohI  tr*  tie  h  from  "  dirt,"  which 
wji;>  .ntrwiuced  into  this  country  iron:  tbe  Coctinent  in  connec- 
tion *":th  the  by-product  coking  m±25cry,  is  one  of  growing 
importance.  It  depends  on  the  s&me  prmdpks  and  involves 
sunuar  mechanical  appliances  as  does  ax  coEkcentration  in 
ordinary  mining  openooixs,  with,  Lc-^f^evcr,  tiie  did'ermce  that 
whereas  in  ore  ccncentraracn  tbe  vihiihie  canoectrate  is  heavier 
and  much  less  bulky  than  tbe  i:;... ungues  wiadh  are  rejected, 
in  cuai  washia^  it  is  the  lighter  azd  m.-ce  liLZky  Tnaterial  which 
is  saved  whilst  the  heavier  izirimties  ire  rfoerted ;  ior  coal  is 
oae  A  the  h^h test  ot  ccczzjerciiZv  3i:iTcct£X.l  '  irdnerals.** 

XI  v-x^al-washii:^  pr>nKses  GepEod  cm  the  prindpie  that  if 
a  riiixt uie  oi  cooI  anc  "  din '"  be  5::r  verted  to  the  action  of 
niv Mii^i  \^a:er,  aco.dpazfevi  hy  scene  szibcjerthr  rapd  ""  jerking  " 
d.^.l.Jll,  the  heavier  *'  dirt  *'  will  sizi  i3cre  TsqfiL^'  tLiU  tbe  lighter 
C'.cd  '.vi^ch  wid  l>e  carr>ec  frcwird  1:t  zitt  £:^,  By  suitably 
:c^^ '^aaiig  the  dow  01  water  a3i  tbe  zztfc^.&T.ic^Z  i»c:t&t3cin  in  rela- 
ii.Li  to  :Iie  amount  aad  ^aoe  cc  tbt  zz^'^trihl  psi  throtttA  the 
..    ...o.:.^;>  :q  a  ^ivea  tizit*,  a^i  ^r  ArrLr*i:tz:i£  iu:  the  i^e-w^shin^ 

.'.  ^  '  ..:.-icr    ufo^maaca  ja  ti»  sa>>nfc9  -dw  TKkoec  »  .'■fdeiTiBfl  to  tlie 
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of  the  coal  aad  dirt,  respectively,  resulting  from  the  first  opera- 
tioD,  an  ahnost  complete  separation  of  the  two  on  a  conmiercial 
scale  can  be  ultimately  effected. 

The  coal  as  it  comes  from  the  mine  is  usually  passed  first  of 
aU  over  a  belt  where  any  large  lumps  of  shale  or  ^aley  coal  are 
picked  out  by  hand.  Then  it  is  screened  to  separate  the  lump 
coal  from  the  smaller  grades,  for  in  most  cases  it  is  only  the 
latter  that  are  treated  in  the  washing.  Sometimes,  however,  the 
whole  of  the  mine  output  is  crushed  to  a  limited  extent,  in  order 
to  detach  more  completely  the  worthless  mineral  matter  from 
the  coal,  after  which  the  crushed  material  is  screened  into  suitably 
graded  sizes  before  it  goes  to  the  washery. 

In  the  best  practice  the  coal  to  be  washed  is  screened  into 
a  number  of  different  sizes  (e.  g.  nuts  =  J  inch  to  I  inch, 
beans  =  i  inch  to  2  inch,  peas  =  ^  inch  to  )  inch,  and  fines 
^=  o  to  1  inch  mesh),  and  each  size  is  separately  washed.  The 
"  fines "  should  preferably  be  removed,  otherwise  a  trouble- 
some slurry  may  be  fonned  in  the  washery.  It  may  here  be 
pointed  out  that  if  coal  as  won  from  the  mine  be  screened  into 
a  number  of  different  sizes,  the  smaller  grades,  and  especially 
the  fines,  are  usually  found  to  contain  a  greater  proportion  of 
mineral  matter  than  the  larger  sizes.  A  big  lump  of  coal  usually 
contains  a  minimum  proportion  of  ash,  having  regard  to  the 
average  ash  content  of  the  seam  whence  it  came.  This  is  due  to 
the  circumstance  that,  in  general,  the  friabihty  of  a  coal  increases 
with  a  growing  mineral  content.  It  has  also  been  found  in 
"  washery "  practice,  that  whereas  small  masses  of  mineral 
impurities  may  be  easily  separated  from  pieces  of  coal  up  to  (say) 
from  three  to  six  times  their  own  size,  it  is  much  more  difficult 
to  effect  a  satisfactory  separation  if  the  "  size  ratio  "  is  much 
greater  thanabout  six;  and  in  general,  the  greater  the  difference 
between  the  specific  gravities  of  the  coal  and  the  associated 
mineral  matter,  the  greater  the  "  size  ratio  "  which  can  be  allowed 
for  effective  washing. 

The  chief  types  of  appliances  employed  in  coal-washeries  are 
(i)  frOHgA  washers,  in  wUch  the  graded  coal  is  fed  continuously 
into  the  upper  end  of  a  narrow  inclined  trough  up  which  a  set 
of  scrapers  are  slowly  moved  on  an  endless  chain  arrangement 
against  a  r^ulated  downward  Sow  of  water.  The  material  is 
thos  Irept  in  a  continual  state  of  movement  against  the  descending 
stream  of  water.  The  heavier  refuse  is  carried  upwards  ant' 
finally  discharged  at  the  top,  whilst  the  lighter  coal,  being  earn* 
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downwards  by  the  water,  is  discharged  at  the  bottom;  (2)  fig™ 
washers,  in  which  the  coal  is  continuously  fed  on  to  a  sieve 
immersed  in  a  trough  of  upward  flowing  water.  Either  the  sieve 
is  given  a  rapid  "  jerky  "  motion,  or  the  sieve  being  fixed,  a 
rapid  pulsating  motion  is  imparted  to  the  water  flowing  through 
it.  In  either  case  a  stratification  of  the  hghter  coal  and  the 
heavier  mineral  matter  is  effected  gravitation  ally,  and  the 
separated  coal  is  continuously  pushed  out  at  the  top  of  the 
apparatus  by  the  new  material  which  is  being  fed  into  it. 

The  different  washing  schemes  in  vogue  may  be  divided  into 
two  main  classes,  namely  (i)  those  in  which  the  coal  is  sized 
and  graded  before  it  goes  to  the  "washery";  and  (2)  those  in 
wliich,  after  all  lump  coal  above  (say)  3  inches  has  been  re- 
moved, the  main  bulk  of  the  coal  is  subjected  to  a  preliminary 
washing,  then  screened  into  sizes,  the  smaller  of  which  are 
subsequently  re- washed. 

The  following  scheme  (Fig.  6)  relating  to  a  plant  erected  some 
years  ago  at  the  Monopol  Colliery  near  Dortmund,  may  be  cited 
as  an  example  of  the  first  of  the  above-mentioned  classes.  The 
coal  as  it  came  from  the  mine  was  screened  into  tliree  sizes,  namely 
{i)  cobbles,  (2)  intermediates,  and  (3)  smalls.  The  two  first- 
named  sizes  were  loaded  direct  into  trucks  for  immediate  despatch 
to  the  buyer,  but  the  "smalls"  were  again  screened  and  then 
washed  in  accordance  with  the  plan  shown  in  the  diagram. 

The  performance  of  a  British  Baum  Washery  at  a  colliery  in 
the  North  of  England  may  be  described  as  representative  of  one 
of  the  best  modem  systems  of  coal-washing.  The  special  feature 
of  this  particular  plant  is  that  all  coal  below  2  inches  square  is 
washed  in  a  Baum  Washer  Box  (Plates  I  and  II),  which  is 
divided  into  two  sections  or  compartments,  E  and  M,  each 
containing  a  fixed  sieve  bed,  that,  K  (Plate  I),  of  the  first 
compartment,  where  aU  the  larger  and  heavier  dirt  is  removed, 
being  set  at  a  shght  upward  inclination  in  the  direction  of  the 
overflow,  whilst  that,  R,  of  the  second  compartment,  where  the 
hghter  dirt  is  removed,  is  fixed  horizontally.  The  necessary 
pulsating  motion  is  imparted  to  the  water  in  the  two  compart- 
ments by  means  of  compressed  air  at  about  2  lb.  per  square 
inch  pressure,  which  is  admitted  intermittently  at  T,  well  below 
the  level  of  the  sieves,  through  a  special  regulating  valve  provided 
with  a  sleeve  piston  wliich  is  moved  up  and  down  by  means  of 
an  eccentric.  The  result  is  a  short  and  energetic  upward  move- 
ment of  the  water  in  the  washing  compartment,  followed  by  a 
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Plate  I.— IJaum  Washer  B  ix  (l-'ront  Hlcvation) 


Ill 

Plate  II. — Baum  Washer  Box  (End  Elevation). 
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gentle  downward  movement,  which  allows  ample  time  for  the 
materials  on  the  washer  bed  to  segregate  in  accordance  with 
their  respective  specific  gravities,  the  heavier  dirt  going  to  the 
bottom  and  the  lighter  coal  remaining  on  the  top.  The  washed 
coal  is  then  separated  into  three  sizes,  namely,  (i)  nuts  (2  inches 


SMilLLS 

J 

SCRBBNS 

I 


Largb  Nuts 
i|  to  3J" 

Washbr 


Nuts 
i  to  i|" 

y 

Washbr 


-DlRT- 


■> — Clban  Coal— <- 

SCRBBM 


FiNBS 

under  |" 

VS^ASHBR 

I 


Clban  Coal 

AND  WATBR 


Dirt 

I 

Settling  Tanks 
vs^ashers 


T0WER-<- 


Coal  and  V^ater 


Coal 


Water 

B     ^ 
Back  to 

Washer 
Fig.  6. 


Water 
Pump  Well 


Dirt 


Sludge 

Mixed  with 

"Fines"  and 

Re-washed 


to  i  inch) ;  (2)  peas  (|  inch  to  f  inch) ;  and  (3)  fines  (below  f  inch). 
The  "  fines  "  are  subsequently  re-washed  and  drained  on  a  special 
Slurry  Refiner,  which  ultimately  dehvers  the  fine-washed  coal 
in  a  comparatively  dry  condition. 

The  water  drained  from  the  "  fines  "  is  sent  forward  to  an 
elevated  Settling  Tank  consisting  of  a  circular  inverted  cone 
carried  on  columns.    The  tank  is  placed  at  a  sufficiently  high 
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level  to  enaUe  the  clarified  water  to  be  returoed  to  the  Washeiy 
at  the  leqnixed  head  for  woridng  same,  also  to  force  the  sluny 
settling  in  the  bottom  of  the  tank  on  to  the  Slurry  Refiner  where 
the  slurry  is  drained  along  with  the  "  fines." 

The  plant  in  question  (Plate  III)  deals  each  hour  with  loo 
tons  of  coal,  containing  22*5  per  cent,  of  mineral  matter,  and 
reduces  the  latter  to  between  6-5  and  7*0  per  cent  with  a  loss 
of  less  than  2  per  cent  of  the  coal  substance  itself,  the  net  ex- 
■^penditure  of  water  amounting  to  no  more  than  15  gallons  per 
ton  of  coal  washed. 

The  following  figures,  taken  from  a  Report  by  F.  C.  Lincoln 
of  the  University  of  Illinois,  may  be  dted  as  showing  the 
marked  improvement  effected  in  a  low-grade  coal  by  washing 
it  in  suitably  screened  sizes : —  ^ 


TABLE  XIII 


Raw 

Coal  as  Screened  and  Washed. 

CoaL 

xrtosr  rtoii- 

rtoxr  A'tor 

otoA'  ! 

%  Ash     .... 
%  Sulphur    .      .     . 
Calorinc  Value 
B.Th.Us.  per  lb.    . 

20'8X 

384 

xx,x66 

8-53 
3'xx 

r3.r25 

2*98 
r3.r85 

8*96 

3*X2 

X  2,095 

9-6 
30 

ra,935 

12-65 
3'X3 

12.445 

In  conclusion,  the  following  summarised  results  of  a  trial 
with  a  Canadian  coal  from  the  Emery  Seam  of  the  Dominion  Coal 
Co.,  conducted  by  Dr.  J.  B.  Porter  on  the  experimental  washing 
plant  in  the  Mining  Department  of  the  McGill  University,  Mon- 
treal,* will  give  a  still  better  idea  of  the  possibilities  of  coal- 
washing  in  relation  to  low-grade  coals.  The  coal,  already  crushed 
to  pass  a  3-inch  screen,  was  further  reduced  to  a  i-inch  in  a 
"  Comet  "  breaker,  after  which  it  was  passed  through  a  revolving 
screen  of  three  sections  perforated  with  |,  I  and  ^  inch  round 
holes  respectively.  The  resulting  grades  of  }  inch  and  upwards 
were  finally  washed  in  two  sizes,  namely,  i  to  ^  inch,  and  ^  to 
I  inch,  respectively,  in  a  jig  washer,  whilst  the  fines  (o  to  ^  inch) 
were  separately  treated  in  another  type  of  washer.  The  original 
coal,  as  delivered  from  the  mine,  contained  (when  dry)  11 -i  per 

^  Univ&rsiiy  of  Ittin&is  BulUHn,  No.  69  (1914). 

*  InvfsHgtUion  of  the  Coals  of  Canada,  by  J.  B.  Fdrter  and  R.  J.  Durley, 


Vol.  I.  (X912),  pp.  X98  to  200. 
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cent,  of  ash,  2-5  per  cent,  of  sulphur,  and  had  a  calorific  value 
of  13,122  B.Th.Us.  per  lb. 

Result  of  Washing  Test 

TABLE  XIV 


Siies  between  z'and  ('. 

Sim  between  ^  end  ^* 

Sieee  below  i^. 

Quantity 
U). 

%Aah. 

Qoentity 
lb. 

%Aah. 

lb. 

Original  Coal    .     . 
Wa.shedCoal    .     . 
Refuse    •      •      •     • 
Slimes    •     •     .     • 

3170 
2790 

372 

XO*2 

5-6 
46-7 

1757 
506 

X82 
X7 

9X 

46-7 
X9-X 

X2X4 

973 

113 
X05 

TABLE  XV 


lb.' 

Caloriilo  Value 
B.Tb.Ua.  per  lb. 

%Ash. 

\   ! 

Original  Coal 

Washed  Coal 

Refuse       ...... 

Other  Products    .... 

6X4X 

5434 

635 

73 

X3,X22 
X3.878 

XX-X 

5-8 

47-5 

2-5 
2-X 

Decrease  in  Ash  due  to  Washing 

„  Sulphur        „    „ 
Increase  „   Boiler  Evaporation 
Decrease  „   Clinkers  in  Boiler  Furnace 


ft 


47*8  per  cent. 
x6*o 
5-8 

52«2 


19 
*t 
•  * 


ft 
9t 
t» 


Salt  in  Coals 

Some  coals,  besides  containing  insoluble  mineral  matter,  are 
impregnated  with  minute  quantities  of  soluble  salts,  principally 
the  chlorides  of  sodium,  potassium,  and  magnesium,  and  are  thus 
called  "  salty  coals."  The  presence  of  such  salts  in  coking  coals 
is  very  detrimental  to  the  brickwork  of  the  coke-oven  walls  at 
high  temperatures,  for  it  is  commonly  agreed  that  "  salty " 
coals  produce  a  far  more  rapid  corrosion  of  the  refractory  oven 
walls  than  those  which  are  comparatively  free  from  "  salty  " 
constituents.  It  may  here  be  pointed  out  also  that  soluble  salts 
may  be  introduced  into  a  coal,  originally  comparatively  free  from 
them,  during  any  "washing"  process  preparatory  to  charging 
the  coal  into  the  ovens,  unless  care  is  taken  to  avoid  using  water 
containing  an  undue  proportion  of  such  soluble  salts.    Hence  the 
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importance,  in  the  case  of  coals  used  for  the  manufacture  of  hard 
metallurgical  coke,  to  determine  the  amounts  of  soluble  salts 
{especially  chlorides)  which  they  contain,  and  also  to  examine 
from  time  to  time  the  water  used  in  the  washeiy. 

A  "  salty  "  coal  recently  examined  in  the  author's  laboratories 
at  the  Imperial  College  of  Science  and  Technology,  I-ondon,  in 
connection  with  an  investigation  by  Messrs.  W.  C.  Hancock  and 
W.  E,  King  into  the  effects  of  such  coals  upon  the  refractory 
linings  of  coke  ovens  at  high  temperatures,  was  found  to  contain 
as  much  as  0-648  per  cent,  of  soluble  mineral  salts,  of  which  the 
chlorine  content  was  19-6  per  cent,  (i,  e.  equal  to  32-3  per  cent. 
NaCl).  The  disintegrating  action  of  such  a  coal  upon  the  oven 
Unings  was  very  marked,  especially  when  charged  into  the  oven 
in  a  wet  condition.  Apparently  moisture  in  the  slack  coal 
had  assisted  matters  by  acting  as  a  carrier  of  soluble  salts  of  the 
alkali  metals  from  the  coal  to  the  hot  firebrick  hnings,  and  the 
salts  so  transferred  had  caused  a  marked  disintegration  therein, 
especially  towards  the  end  of  the  coking  period  when  the  tem- 
perature in  the  oven  was  at  its  highest.  The  alkalies  ao  deposited 
in  the  pores  of  the  firebrick  produced  a  fusible  vitreous  coaling 
or  glaze  upon  the  surface  in  contact  with  the  coal,  which  glaze 
subsequently  became  broken  up  under  the  combined  influence 
of  the  rapid  temperature  changes  in  the  oven  and  the  abrasive 
acrion  of  the  coke  and  coal  during  the  discharging  and  re-charging 
operations. 

As  a  typical  example  of  the  transfer  of  alkalies  from  a  "  salty  " 
coal  to  firebrick  at  high  temperatures  and  the  influence  of 
moisture  thereon,  the  following  results  of  laboratory  experiments 
may  be  quoted  in  which  a  standard  firebrick  test-piece  weighing 
5  grams,  was  exposed  to  the  action  of  three  successive  charges, 
each  of  10  grams,  of  a  particular  salty  coal,  A  or  B,  for  altogether 
3  X  9  =  27  hours  at  1000°  C,  The  coal  had  been  previously 
ground  until  it  passed  a  J  inch  linear  mesh,  and  it  was  used  "  dry  ", 
or  "  moist  "  in  alternate  experiments.  h 

Tolal  Alkalies  in  the  Original  Tesl-pie^e  =  i-66  per  cent. 


Coal  A. 
Dry         Moist 
Total  percentage  alkaUesl 

found  in  test-piece  after  >  249  2-70 

the  experiment.  J 


Coal  I 


Dr>- 


CHAPTER  IV 

THE  CHEMICAL  COMPOSITION  OF  COAL   {cOfUd.) 

B.    Thb  Coal  Substance — Its  Ultimate  Analysis  and  Yield  of 
"  Volatile  Matter  " — Calorific  Values  of  Coals 

For  the  purposes  of  the  compaxison  and  classification  of  coals 
it  is  usual  to  disregard  the  variable  proportions  of  mineral  matter, 
as  well  as  of  mechanically  held  water  which  they  may  contain, 
and  to  fix  attention  upon  the  character  and  composition  of  the 
"  coal  substance  "  itself. 

The  coal  substance,  although  always  compounded  of  the  same 
elements  carbon,  hydrogen,  oxygen,  nitrogen,  and  sulphur,  is 
in  reality  a  very  complex  material,  about  which  it  must  be  con- 
fessed chemists  are  still  in  a  state  of  considerable  ignorance. 
In  this  chapter  we  shall  confine  our  attention  to  the  elementary 
ultimate  composition  of  the  coal  substance,  its  "  proximate  " 
analysis  by  carbonisation  tests  at  definite  temperatures,  and  the 
calorific  values  of  coals. 

It  will  have  been  understood,  from  what  has  been  said  in  the 
preceding  chapter  on  the  origin  of  coal,  that  inasmuch  as  coal- 
fields have  been  formed  from  vegetable  ddbris  in  nearly  all  the 
great  geological  epochs,  the  present-day  coals  represent  widely 
different  intermediate  stages  in  the  wood-to-anthracite  series, 
anthracite  being  regarded  for  the  moment  as  the  end  product 
thereof,  although,  as  will  be  explained  later,  it  may  not  be  and 
is  not  necessarily  so. 

Such  a  series  would  include  (i)  Peat,  which  may  be  regarded 
as  the  initial  stage  in  the  transformation  process  and,  geologically 
speaking,  of  very  recent  origin  (quaternary) ;  (2)  the  "  sub-bitu- 
minous" Brown  Coals  and  Lignites,  which  are  nearly  all  of 
Tertiary  or  Cretaceous  origin,  and  therefore  intermediate  between 
peat  and  the  true  coals ;  (3)  the  great  class  of  "  Bituminous 
Coals,"  which  mainly  date  back  to  Carboniferous  or  Permo- 
Carboniferous  times ;  and  (4)  the  Anthracitic  Coals  and  Anthracites, 
which  belong  to  the  oldest  classes. 

It  must  further  be  recognised  that,  whilst  there  is  little  doubt 
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but  that  the  transformation  process  from  wood  to  coal  has 
been  much  the  same  in  all  geological  periods,  there  may  have 
been  considerable  variations  in  the  original  vegetable  debris 
transformed,  which  variations  would  also  help  to  explain  some 
of  the  marked  differences  observed  in  present-day  coals.  Thus, 
for  instance,  some  authorities  have  suggested  that  the  difference 
between  the  anthracites  and  bituminous  coals  of  the  Carboni- 
ferous period  may  be  ascribed  to  some  difference  in  the  character 
of  the  vegetable  dibris  from  which  tliey  originated.  Bearing 
such  quaUfications  in  mind,  and  considering  for  the  moment 
the  wood-to-anthracite  series  as  successive  stages  in  a  process 
which  has  tended  to  the  same  end  product,  it  wiU  be  seen, 
from  the  following  figures  for  the  ultimate  composition  of  the 
principal  dry  "  ashless"  raw  fuels  comprised  in  the  series,  that 
the  net  result  has  been  a  progressive  concentration  in  the 
carbon  content  and  a  corresponding  diminution  in  the  relative 
proportion  of  oxygen  in  the  organic  matter,  a  circumstance  which 
is  also  marked  by  a  steady  increase  in  the  calorific  value  of  the 
product  as  the  series  is  ascended. 

TABLE   XVI  H 


&1S. 

Hydnsen     Orfgrn 

f^. 

CiloiIGc  VallM 
K.C.U>tp«rkfr 

Wood     .... 
Peat      .... 
Brown    Coals    and 
Ugnites   .      .      . 
Bituminous  Coaia  . 
Anthracites       .      . 

50-O 
50-64 

60-75 
75-90 
90-95 

60           43-5 
4-5-6-8      a8-48 

S-o        ao-35 

4-5-5-5       5-iS 

«-5      1     30 

0-3 

0-73-3-0 

o-75-'-75 
075-1-75 
0-3-I-O 

4000-4300 

5000-6000 

6000-7000 
8000-9000 

Ultimate  Analysis  ^M 

The  ultimate  analysis  of  a  coal  consists  in  determining  the 
percentages  of  elementary  carbon,  hydrogen,  nitrogen,  and 
sulphur  in  a  properly  prepared  dry  sample ;  the  difference  between 
the  sum  of  these  percentages,  plus  the  percentage  of  ash,  and 
100  is  usually  returned  as  oxygen,  meanmg  of  course  oxygen  in 
the  coal  substance  itself,  apart  from  that  in  the  associated 
mineral  matter.^    The  oxygen  figure  so  deduced  is.  tjierefore. 
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subject  to  whatever  balance  of  error  there  may  be  in  the  estima* 
tion  of  the  total  of  the  other  constituents,  which  error  may 
be  appreciable,  especially  where  the  percentage  of  «$A  differs 
materially  from  the  original  mineral  content  of  the  coaL  Indeed, 
such  disparity  between  "  ash  "  and  *'  mineral  content  *'  is  always 
a  possible  source  of  error  in  coal  analysis. 

With  regard  to  the  difficulty  of  calculating  the  oxygen  content 
of  a  coal,  the  following  o]»nion,  published  by  the  Coal  Analysb 
Committee  of  the  American  Chemical  Society  in  1899  {Jaum, 
Amer.  Chem.  Soc.,  21,  p.  1129)  may  be  quoted : — 

"  The  method  to  be  used  in  calculating  the  oxygen  of  the  coal 
presents,  perhaps,  the  question  of  greatest  difficulty.  If  we 
could  be  sure  that  all  the  sulphur  is  present  in  the  foim  of  pyrites, 
and  that  this  is  converted  into  ferric  oxide  in  the  ash,  the  oxygen 
should  be  fotmd  by  subtracting  from  100  the  sum  of  carbon, 
hydrogen,  nitrogen,  ash,  and  five-e^hths  of  the  sulphur.  This 
probably  is  the  safest  rule  which  can  be  given  for  general  use, 
and  especially  for  coals  high  in  sulphur.  The  operator  should, 
however,  satisfy  himself  as  to  whether  the  ash  is  practically 
free  from  sulphates,  and,  if  possible,  whether  the  sulphur  is 
mainly  in  the  form  of  p3aites.  If  necessary,  the  rule  should  be 
modified,  in  particular  cases,  accordingly/' 


Carbon  and  Hydrogen 

The  percentages  of  these  two  elements  are  always  determined 
by  burning  a  weighed  quantity  (0-25  to  0-50  gram)  of  the  dry 
coal  in  a  current  of  dry  oxygen  in  a  hard  glass  tube,  the  pro- 
ducts being  passed  (in  the  tube)  over  moderately  heated  lead 
chromate,  which  retains  oxides  of  sulphur  produced  by  the 
oxidation  of  iron  pyrites  or  organic  sulphur  compounds  in  the 
coal.  The  water  and  carbon  dioxide  produced  by  the  com- 
bustion of  the  coal,  are  caught  up  by  suitable  absorbents  {e.  g. 
dehydrated  calciiun  chloride  for  water,  and  a  i :  i  aqueous  solution 
of  caustic  potash  for  carbon  dioxide)  and  weighed.  The  pro- 
cedure is  essentially  the  same  as  that  generally  adopted  for  the 
determination  of  carbon  and  hydrogen  in  organic  compounds 
and  needs  no  further  description.  To  any  one  thoroughly 
experienced  in  the  analysis  of  organic  substances  the  method 
in  itself  presents  no  difficulties,  and  the  amounts  of  carbon 
dioxide  and  water  produced  can  certainly  be  estimated  with 
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considerable  accuracy.  Where  inexperienced  persons  some- 
times fail  is  either  (i)  through  lack  of  the  particular  manipulative 
skill  and  judgment  required,  which  is  only  acquired  after  con- 
siderable practice,  or  (2)  because  they  neglect  some  obvious 
precaution. 

For  instance,  it  is  essential  (i)  that  the  oxygen  used  should 
be  dried  before  entering  the  heated  tube  over  the  same  drying 
agent  as  is  afterwards  used  to  absorb  the  H^O  produced  during 
combustion!  (2)  that  before  the  tubes  or  bulbs  containing  the 
absorbents  for  water  and  carbon  dioxide  respectively  are  finally 
weighed,  they  shall  have  been  allowed  to  cool  in  a  dry  chamber 
to  the  temperature  of  the  balance  room,  which  should  be 
recorded,  and  a  proper  correction  applied  if  its  temperature  has 
changed  materially  during  the  experiment. 

Also,  in  carrying  out  the  combustion  of  a  coal  containing  a 
higtily  ferruginous  and  fusible  ash,  it  is  inadvisable  to  heat  the 
coal  to  more  than  about  800°  C.  or  otherwise  minute  particles 
of  carbon  are  liable  to  be  "  protected  "  from  the  action  of  the 
oxygen  by  the  semi-fused  ash,  and  so  escape  combustion. 

The  residual "  ash  "  may  be  weighed  as  a  check  on  the  ordinary 
ash  determination ;  in  the  case  of  a  ferruginous  ash  it  is,  however, 
liable  to  give  a  sUghtly  higher  result  than  that  obtained  by  the 
ordinary  method,  because  of  the  usually  more  complete  oxida- 
tion of  the  iron  in  the  combustion  tubes  than  in  the  muffle 
furnace. 

It  is  the  author's  general  experience  in  regard  to  the  "  com- 
bustion analysis "  of  organic  compounds  generally  (i)  that 
whilst  there  is  a  tendency  for  the  carbon  to  come  out  somewhat 
lower  than  its  true  value,  this  error  does  not  on  the  average 
exceed  half  of  r  per  cent,  of  the  true  value;  and  (2)  that  the 
hydrogen  on  the  average  comes  out  very  near  to  (if  anything 
slightly  higher  than)  the  true  value. 


Special  Sources  of  Errok  im  the  Estimation  of  CakbokI 

AND   HyDHOGEN    in    CoALS 

It  has  frequentiy  been  pointed  out  that  the  association  of 
calcium  (or  magnesium)  carbonate  with  the  coal  substance  will, 
by  reason  of  its  decomposition  (CaCOj  =  CaO  -f-  COj)  at  red 
heat,  cause  the  experimental  determination  of  carbon  by  the 
combustion  method  to  give  a  too  high  result,  whereas  the  associar. 
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tion  of  hydrated  minerals,  such  as  gypsum  (CaS04,  iHfi),  would 
similarly  cause  the  hydrogen  to  come  out  too  high.  In  order  to 
illustrate  the  magnitude  of  the  errors  so  introduced,  the  following 
calculations  have  been  made : — 

(A)  The  influence  of  the  presence  of  i  per  cent,  of  calcium 

carbonate  in  a  dry  coal  containing  80  per  cent,  of  carbon, 
and 

(B)  The  influence  of  the  presence  of  i  per  cent,  of  gypsum  in 

a  dry  coal  containing  5  per  cent,  of  hydrogen. 

(A)  Dry  Coal  containing  80  per  cent.  Carbon  and  i  per  cent. 
CaCO^. 

By  combustion  of  i  gram  coal : — 
o*8ooo  gram  C  would  yield    .        2*9333  grams  COt 

o-oioo     „     CaCOs     „        „       .        0-0044 


U»  it 


Total  =  2*9377 

Thus  the  total  carbon  dioxide  obtained  on  analysis  would  exceed 
that  actually  found  by  combustion  of  the  carbon  by  44  parts  in 
29,333  or  (say)  by  0*15  per  cent,  only  of  the  true  *'  carbon  " 
figure.  So  that  llie  percentage  of  carbon  calculated  from  the 
'total  carbon  dioxide  obtained  in  the  analysis  would  be  80-12 
instead  of  8o*oo,  which  is  about  half  the  usual  average  "  experi- 
mental error  "  in  the  carbon  determination. 

(B)  Dry  Coal  containing  5  per  cent.  Hydrogen  and  i  per  cent. 
Gypsum. 

By  combustion  of  i  gram  coal : — 
0-0500  gram  hydrogen       would  yield       0-4500  gram  H,0 
o-oioo     „     CaS04, 2HjO     „        „         i-002i 


>f        tt 


Total  =  0*4521 

Thus  the  total  water  obtained  on  analysis  would  exceed  that 
actually  found  by  combustion  of  the  hydrogen  by  21  parts  in 
4500  or  (say)  by  about  0-5  per  cent,  of  the  true  "  hydrogen  " 
figure.  ^  So  that  the  percentage  of  hydrogen  calculated  from  the 
total  water  obtained  in  the  analysis  would  be  5-025  instead  of 
5*00,  which  is  also  well  within  the  usual  experimental  error. 
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NtTROGEN 


The  accurate  estimation  of  this  element  in  coal  is  very 
portant.  It  probably  exists  in  at  least  two  forms,  namely  (i)  as 
compounds  (possibly  of  an  "  imino  "  type)  which  decompose  be- 
tween (say)  300°  and  900°  C.  giving  rise  to  ammonia,  and  which 
are  the  source  of  the  ammonia  obtained  when  the  coal  is  carbon- 
ised in  coke  ovens  or  in  gas-works  retorts;  and  (2}  in  much  more 
stable  {possibly  "  nitride  ")  types  of  compounds  which  on  thermal 
decomposition  do  not  yield  ammonia. 

The  fact  that  the  whole  of  the  nitrogen  in  coal  can  be  extracted 
as  ammonia  by  heating  it  to  redness  in  a  current  of  steam  is  now 
well  known  to  chemists,  and  is  the  basis  of  the  Mend  "  Ammonia 
Recovery "  Gasification  Process.  Dr.  Ludwig  Mend  in  his 
Presidential  Address  to  the  Society  of  Chemical  Industry  in  1889 
on  this  subject  mentioned  that  it  had  been  customary  in  his 
laboratory  to  estimate  the  nitrogen  in  coke  simply  "  try  burning 
it  in  a  current  of  steam  "  which  converted  the  whole  of  it  into 
ammonia. 

Total  Nitrogen. — This  may  be,  and  usually  is,  estimated  by 
the  following  modification  of  the  well-known  Kjeldahl  method, 
which  the  author  has  found  to  work  very  well : — 

Weigh  out  I  gram  of  the  coal,  pulverised  so  that  it  will  pass 
through  fine  muslin,  into  a  Jena  glass  flask  specially  designed 
so  that  the  whole  of  the  subsequent  operations  can  be  carried 
out  in  it.  Then  add  15  c.cs.  of  fuming  sulphuric  acid  and 
about  I  gram  of  mercury.  Heat  gently  for  z  or  3  hours,  at 
the  end  of  which  all  black  particles  should  have  disappeared, 
Allow  the  contents  of  the  flask  to  cool,  then  carefully  add  a 
little  cold  water  and  a  few  drops  of  phenolphthalein  solution. 
Next,  run  in  very  carefully  {with  external  cooUng)  sufficient 
of  a  strong  solution  of  caustic  potash  to  make  the  liquid  strongly 
alkaUne.  Then  add  15  c.cs.  of  a  solution  of  sodium  sulphide 
(containing  40  grams  per  litre)  to  precipitate  the  mercury  com- 
pound as  HgS.  Add  a  small  piece  of  zinc  to  prevent  bumping. 
and  distil  for  20  to  30  minutes  into  20  c.cs.  of  decinormal  sulphuric 
acid.  From  the  amount  of  acid  neutralised  by  the  NHj  evolved 
the  nitrogen  in  the  ccal  may  be  calculated  (i  c.c.  of  decinormal 
acid  neutrahsed  =  0-0014  gram  of  nitrogen  in  the  coal).  Two 
such  estimations  should  always  be  made  simultaneously  and  the 
mean  result  taken.  Moreover,  a  blank  experiment  should  also 
be  made  in  order  to  correct  for  any  ammonia  evolved  from  the 
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materials  other  than  the  coal  used  in  the  experiment.  In 
laboratories  where  such  nitrogen  determinations  are  made  daily, 
it  is  sufficient  if  a  blank  experiment  be  made  once  a  week. 

Sulphur 

Sulphur  is  always  a  deleterious  element  in  coal  from  every 
point  of  view.  It  is  present  chiefly  in  three  forms,  namely 
(i)  as  iron  pyrites  (FeSJ ;  (2)  as  gypsum  (CaS04,  2H,0) ;  and 
(3)  in  the  form  of  organic  compounds  in  the  coal  substance  itself. 
On  carbonising  a  coal  in  gas  retorts  or  coking  ovens,  between  a 
quarter  and  a  third  of  the  sulphur  is  expelled  with  the  gases, 
chiefly  as  H^S,  CS^,  and  thiophene,  the  remainder  being  retained 
by  the  coke. 

(a)  Sulphur  in  the  Coal. — The  method  employed  in  the  author's 
laboratory  consists  essentially  in  igniting  a  weighed  amount  of 
the  finely  divided  coal  or  coke  (2  to  3  grams)  with  three  times 
its  weight  of  a  mixture  of  2  parts  of  Ught  magnesium  oxide 
(MgO)  and  i  part  of  pure  anhydrous  sodiiun  carbonate 
(Na^COg)  in  a  porcelain  dish  or  large  crucible  for  i^  hours  in  a 
muffle  furnace.^  Afterwards  the  chaige  is  washed  out  into  a 
beaker,  excess  of  hydrochloric  add  plus  bromine  water  is  added ; 
the  excess  of  bromine  is  then  boiled  off  and,  after  vigorous 
stirring,  the  liquid  is  filtered.  The  sulphate  in  the  filtrate  is 
then  precipitated  with  a  slight  excess  of  barium  nitrate  and 
finally  ignited  and  weighed  as  BaS04  in  the  usual  manner. 
Determinations  are  usually  made  in  triplicate,  and  a  blank 
experiment  is  always  simultaneously  performed  in  order  to 
determine  the  "  correction  "  to  be  applied  on  account  of  any 
traces  of  sulphate  in  the  materials  employed  or  the  fixation 
of  sulphur  dioxide  by  them  from  the  furnace  gases. 

{b)  In  the  Ash. — In  general  the  ash  is  fused  in  a  platinum 
crucible  with  excess  of  an  intimate  mixture  of  NaCO,  and  KtCOs 
plus  KNOs  to  ensure  the  conversion  of  all  sulphur  compounds  into 
soluble  sulphates.  The  fused  mass  is  subsequently  extracted 
with  excess  of  hot  dilute  hydrochloric  acid  and  the  extracted 
sulphates  are  then  determined  in  the  usual  way.  The  exact 
procedure  in  such  an  analysis  necessarily  varies  with  the  com- 
position of  the  ash  (which  should  always  have  been  qualitatively 
ascertained  beforehand),  and  must  be  left  to  the  discretion  of 
the  operator. 

^  In  laboratories  provided  with  a  stutable  supply  of  electricity,  the  use 
of  an  electricaUy  heated  muffle  is  recommended  for  the  fusion  process. 
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Estimation  of  the  Yields  of  Volatile  Combustible 
Matter  by  Coals 


For  commercial  purposes  coals  are  classified  according  to  their 
suitability  or  otherwise  for  certain  specific  economic  ends,  t.  g- 
steam  raising,  furnace  firing,  gas  making,  the  manufacture  of 
a  dense  metallurgical  coke,  tow  temperature  distillation  and 
the  like.  The  usefulness  of  any  given  coal  for  a  particular 
purpose  depends  largely  upon  its  yield  of  combustible  "  volatile  " 
matter  expelled  when  it  is  carbonised  under  certain  specified 
conditions  and  upon  the  character  of  the  resulting  carbonaceous 
residue.  Various  coals  show  marked  differences  in  behaviour 
when  so  carbonised,  and  from  a  properly  conducted  laboratory 
test  (sometimes  called  a  "proximate  analysis")  on  such  lines 
much  valuable  general  information  may  be  gained  respecting 
the  economic  value  of  a  given  coal. 

When  so  treated  some  coals  swell  up  and.  after  passing  through 
a  marked  state  of  intumescence,  yield  a  strongly  coherent  residue 
(coke).  These  are  usually  designated  "  caking  "  coals.  Others, 
again,  exhibit  no  sign  of  intumescence  and  yield  an  incoherent 
carbonaceous  residue;  such  are  called  "non-caking"  coals, 
and  they  are  usually  either  rich  in  oxygen  and  bum  \vith  a  long 
smoky  flame,  or  rich  in  carbon  and  bum  with  a  short  smokeless 
flame.  Between  these  two  extremes  there  are  many  intermediate 
types  possessing  more  or  less  caking  properties.  Owing,  however, 
to  the  fact  that  the  yield  of  "  volatile  matter  "  from  a  given  coal 
varies  within  wide  limits  according  to  the  conditions,  of  which 
temperature  is  the  most  important,  under  which  it  is  carbonised, 
it  is  necessary  to  prescribe  certain  "standard"  conditions  for 
such  tests,  which  conditions  must  be  strictly  observed  throughout 
if  the  results  are  to  be  of  any  comparative  value.  The  following 
two  standard  tests  may  be  cited  by  way  of  illustration, 

(a)  The  American  Test. — In  1899  the  American  Chemical 
Society  recommended  the  following  method  for  the  determination 
of  ■'  Volatile  Combustible  Matter,"  which  has  since  been  accorded 
international  recognition. 

"  Place,  I  gram  of  fresh,  undried,  powdered  coal  in  a  platir 
num  crucible,  weighing  20  to  30  grams,  and  having  a  tightl; 
fitting  cover.  Heat  over  the  full  flame  of  a  Bunsen  burner  for 
7  minutes.  The  crucible  should  be  supported  on  a  platinum 
triangle  vdlh  the  bottom  6  to  8  cms.  above  the  top  of  the  burner. 
fcJTlie  flame  should  be  fully  20  cms.  high  when  burning  free,  and 
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the  determination  should  be  made  in  a  place  free  from  draughts. 
The  upper  surface  of  the  cover  should  bum  dear  but  the  under 
surface  should  remain  covered  with  carbon.  To  find  the  Volatile 
Combustible  Matter,  subtract  the  percentage  of  moisture  from 
the  loss  found  here"  {Joum.  Amer,  Chem,  Soc.,  1899,  21,  p. 
1122). 

Practically  the  same  test  was  adopted  by  the  Canadian  Coal 
Survey  chemists,  except  that  it  was  carried  out  on  the  dry  instead 
of  the  undried  coal,  as  in  the  American  procedure.  It  has 
always  seemed  to  the  author  that  a  test  carried  out  under  such 
conditions,  and  on  so  small  a  quantity  of  coal,  in  a  platinum 
crucible,  is  open  to  criticism,  both  on  account  of  the  well-known 
intense  "  catalytic  "  influence  of  hot  platinum  upon  such  thermal 
decompositions,  and  also  because  of  temperature  conditions. 
Also,  it  does  not  enable  a  sufiiciently  reliable  judgment  to  be 
formed  about  the  "  coking  "  properties  of  the  coal.  Accordingly, 
after  investigating  the  matter  some  years  ago  for  himself,  the 
author  ceased  to  employ  the  method  in  his  laboratory,  preferring 
the  following,  which,  if  carried  out  under  "  standard  "  conditions, 
has  proved  to  be  quite  reliable  within  the  limits  required  for 
commercial  purposes. 

(6)  The  Crucible  Test, — ^Twenty  grams  of  the  dried  coal  are 
weighed  out  (to  the  nearest  centigram)  into  a  No.  3  Morgan 
Fireclay  crucible,  which  has  been  just  previously  heated  to 
redness  in  a  muffle  and  then  allowed  to  cool  in  a  chamber  con- 
taining an  efficient  drying  agent.  The  crucible  and  its  contents 
(lid  on)  are  then  put  into  a  muffle  fiumace,  the  temperature  of 
which  has  been  raised  to  900°  C.  and  kept  constant  at  such  degree 
by  proper  regulation  of  the  gas  supply.  The  charge  of  coal  is 
thus  "  carbonised,"  the  resultant  inflammable  volatile  matters 
escape  from  the  crucible,  either  through  the  hole  in  the  Ud  or 
round  the  edge  of  it,  and  are  ignited  as  they  issue  therefrom 
and  mix  with  air  in  the  muffle.  Heating  is  continued  for  10 
minutes  after  the  evolution  of  inflammable  gases  has  entirely 
ceased.  The  crucible  containing  the  carbonaceous  residue  is 
then  withdrawn  and  set  to  cool  in  the  **  drying  "  chamber,  after 
which  it  is  quickly  re-weighed.  A  subsequent  examination  of 
the  carbonaceous  residue  enables  a  good  idea  to  be  formed  of  the 
"coking"  properties  of  the  coal,  and  as  a  comparative  test  of 
the  properties  of  different  coals  it  is  most  valuable.  The  test 
should  always,  however,  be  carried  out  simultaneously  in  duplicate 
if  not  in  triplicate  charges.    How  nearly  the  results  from  two  or 
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e  such  charges  are  found  to  agree  may  be  illustrated  by  the 
following  examples  taken  at  random  from  laboratory  records :— 


(I)  35-3 

34'<) 

355 

.     Mean  =  35-2 

(2)  32-5 

30S 

32-8         . 

.     Mean  =  31-9 

(3)  24-8 

214 

— 

.     Mean  =  241 

(4)  l6-9 

17* 

— 

.     Mean  =  17-25 

(5)  13-4 

I3-8 

— 

.     Mean  =  13-6 

(6)     9-8 

10-2 

— 

.     Mean  =  lo-o 

i 


If  the  experimental  results  are  referred  to  the  "  dry  ashless  " 
coal,  they  enable  a  useful  proximate  classification  of  coals  for 
commercial  purposes  to  be  made  on  similar  lines  to  that  of 
Regnault-Gruner's  table  (q.  v.)  somewhat  as  follows : —  JH 


TABLE   XVII 


%Vciilile.t!m"C. 

I.  Anthracites 

1.  Anthracitic  Coals      .... 

3.  Semi-bituminous  Steam  Coals  . 

4.  Hard  Coking  Coals  .... 

3.  Gas  Coals — Strong  Coko      .      . 

6.  Gas  Coals — Porous  Coko      .      . 

7.  Non-caking — Long  Flame  Fur- 

IS  to  20     Feebly  cakiag. 
30  to  30     Yield  a  dense  metal- 
lurgical coke.' 
30  to  35     Strongly  caking. 
35  to  40     Weakly  caking. 

Above  40  Non-caking. 

According  to  the  author's  experience  it  rarely  happens,  in 
regard  to  English  coals,  that  the  caking  properties  are  not  in 
substantial  agreement  with  such  a  classification.  Some  excep- 
tions are,  however,  to  be  met  with  among  the  South  Wales 
coking  coals,  which  contain  less  than  20  per  cent,  of  volatile 
matter,  and  among  Scottish  non-caking  varieties. 

Further  useful  infonnation  can  be  obtained  about  a  coal  by 
comparing  the  percentages  of  volatile  matter  expelled  from  it 
at  different  selected  temperatures  (say  500°,  700°,  and  900°  C.) 
when  heated  in  the  crucible.  The  chief  requisite  for  properly 
carrying  out  such  a  series  of  tests  is  a  muffle  type  of  furnace 
so  designed  that  a  temperature  may  be  maintained  fairly  con- 
stantly at  the  selected  degrees  for  a  sufficient  period  to  enable 
the  "  carbonisation  "  to  be  completed  at  each  degree  of  heat. 

'  N.B.— ITie  best  Durham  Coking  CoaU  aU  iaU  within  this  class. 
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Thus,  for  example,  it  was  found  that  the  following  percentages 
of  volatile  matter  (referred  to  the  dry  ashless  coal)  were  expelled 
from  a  lignitic  coal  at  the  temperatures  named  : — 

Temperature      ....        500°    700°    900" 
Per  cent.  Volatile  Matter    .         .        31-0     380     437 

results  which  closely  agreed  with  those  actually  realised  when 
the  same  coal  was  afterwards  carbonised  on  a  large  scale  {e.  g, 
at  500°  C.  the  loss  of  "  volatile  "  on  a  large  scale  was  found  to 
be  31-3  per  cent,  on  the  dry  coal). 

As  a  typical  example  of  how  results  yielded  by  the  Crucible 
Method  compare  with  those  obtained  by  the  American  Method 
(a),  the  case  of  a  Durham  Coking  Coal  tested  in  the  author's 
laboratory  by  both  methods  may  be  quoted.  By  the  American 
Test  it  yielded  23-4  per  cent,  of  volatile  combustible  matter;  by 
the  Crucible  Test  it  yielded  26-1  per  cent,  at  900°  C,  and  217  per 
cent,  at  600°  C  Ilius  the  American  Test  gave  a  result  corre- 
sponding to  some  temperature  apparently  about  mid-way  between 
600"  and  900"  C. 

CAIOEIFIC  Vauie 

The  calorific  value,  or  total  amount  of  heat  obtainable  by 
the  combustion  of  a  given  coal,  is  expressed  by  the  number  of 
parts  by  weight  of  water  which  may  be  heated  through  1°  on  the 
thenn<Hnetric  scale,  in  the  ndghbourhood  of  the  normal  tempera- 
ture (15°  C.  or  60°  Fahr.),  by  the  complete  combustion  of  imit 
weight  of  the  coal  under  conditions  such  that  the  whole  of  the 
heat  of  combustion  is  transferred  without  loss  to  the  water,  and 
that  the  products  leave  the  system  at  atmospheric  temperature 
and  pressure.  The  metric  unit  of  heat  adopted  for  technical 
purposes  {the  K.CU.)  is  the  quantity  of  heat  required  to  raise 
I  kilogram  of  water  through  1°  C.  in  the  neighbourhood  of  15°  C, 
whilst  the  British  Thermal  Unit  {B.Th.U.)  is  the  amount  of  heat 
required  to  r^se  i  lb.  of  water  through  1°  Fahr.  in  the  neighbour- 
hood of  60°  Fahr.    Thus  it  follows  that : — 

I  K.CU.    =  39683  (or  approx.  4)  B-Th-Us. 

I  B.Th.U.  =  0-252    (or  approx.  i)  K.CU. 

The  calorific  value  of  a  coal  may,  therefore,  be  defined  atlier 
(t)  as  the  number  of  kilograms  of  water  which  may  be  luxated 
through  1°  C.  in  the  neighbourhood  of  15'  C.  by  the  complete 
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combustion  of  i  kilogram  of  it ;  or  (3)  as  the  number  of  pounds 
of  water  which  may  be  heated  through  1°  Fahr.  in  the  neighbour- 
hood of  60°  Fahr.  by  the  complete  combustion  of  1  lb.  of  it.  in 
either  case  the  conditions  being  such  that  the  coal  is  taken  dry 
(i.  e.  dried  at  105°  C.  until  its  weight  has  become  constant),  that 
the  whole  of  the  heat  is  transferred  without  loss  to  the  water, 
and  that  the  products  leave  the  system  at  the  atmospheric 
temperature  and  pressure.  It  may  be  shown  by  calculation  that 
a  calorific  value  of  x  K.C.Us.  per  kilogram  is  equivalent  to  1-8  x 
B.Th.Ua.  per  lb.  or  conversely,  that  *  B.Th.Us.  per  lb.  are 
equivalent  to  0-5555  *  K.C.Us.  per  kilogram. 

Seeing  that  every  coal  contains  hydrogen,  a  distinction  is 
sometimes  drawn  between  its  gross  and  net  calorific  values,  the 
former  implying  that  the  products  of  combustion  have  all  been 
cooled  down  to  atmospheric  temperature  (15°  C.  or  60°  Fahr.), 
the  latter,  however,  that  the  heat  liberated  by  the  condensation 
of  the  steam  produced  on  combustion,  and  by  the  subsequent 
cooling  of  the  water  down  to  r5°  C.  {or  60°  Fahr.)  has  not  been 
included.  The  difference  between  the  two  values  will  amount 
to  622  K.C.Us.  per  kilogram,  or  1119-6  B.Th.Us,  per  lb.  of  steam 
produced  by  the  combustion  of  the  fuel.  For  scientific  purposes 
the  gross  calorific  value  is  invariably  employed,  but  it  is  usual 
to  use  the  net  value  in  calculations  relating  to  steam  boiler  trials, 
furnace  operations  and  the  Uke. 

The  determination  of  the  calorific  value  of  a  coal  may  be  best 
carried  out  by  burning  a  known  weight  of  it  in  compressed  oxygen 
in  some  form  of  bomb  calorimeter,  that  known  as  the  Berthelot- 
Mahler  apparatus  being  well  adapted  for  the  purpose.  In  the 
hands  of  an  experienced  worker,  the  method  is  more  accurate 
than  any  yet  devised,  provided  that  all  the  proper  "  corrections  " 
(e.  g.  for  "  radiation  "  and  for  the  formation  of  nitric  acid)  are 
properly  determined  and  apphed  in  each  experiment.  The 
details  of  the  experimental  procedure  are  now  so  well  known, 
and  have  been  so  often  set  forth  both  in  laboratory  manuals  and 
technical  publications,  that  there  is  perhaps  no  need  for  their 
reproduction  here.  The  "  water  equivalent  "  of  the  bomb  and 
its  accessories  is  best  determined  by  burning  a  known  weight  of 
compressed  naphthalene  in  it.  A  comparison  between  the  value 
so  obtained  and  that  calculated  from  the  known  weights  and 
specific  heats  of  its  separate  parts  serves  as  a  good  test  of  the 
proper  heat  iusulation  of  the  bomb  in  the  calorimeter,  which  is 
apt  at  times  to  become  defective.     In  the  author's  laboratory  ■ 
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it  is  customary  to  make  such  a  comparison  frequently,  as  a 
precaution  against  possible  error  which  might  otherwise  escape 
detection.  With  ordinary  care  duplicate  determinations  on  the 
same  coal  sample  should  give  results  agreeing  within  50  K.C.Us., 
and  when  special  precautions  are  taken  within  25  K.C.Us.  on 
about  8000  K.C.Us.  per  kilogram. 

It  must  always  be  remembered,  however,  that  the  bomb 
method  gives  the  heat  of  combustion  under  "  constant  volume  " 
and  not  under  "  constant  pressure  "  conditions,  but  as  the  com- 
bustion of  a  bituminous  or  anthracite  coal  in  oxygen  is  attended 
by  very  Uttle  change  in  chemical  volume  (e,  g,  C^HeO  +  loOj  = 
9CO2  +  3H2O)  the  difference  between  the  two  values  is  perhaps 
negligible  in  practice.  Strictly  speaking,  however,  the  necessary 
small  correction  ought  to  be  applied  to  the  "  bomb  "  results  in 
deducing  the  true  "  constant  pressure  "  value. 

The  following  formula  is  sometimes  used  by  engineers  for 
calculating  the  calorific  value  of  a  coal  from  its  chemical  com- 
position : — 

Q  =  TTO  (8080  C  +  34,460  (H  -  I  O)  +  2250  S) 

where  C,  H,  O,  and  S  =  the  percentage  of  carbon,  hydrogen, 
oxygen,  and  sulphur,  respectively  in  the  dry  coal.  Although 
such  a  procedure  can  hardly  be  defended  from  a  theoretical 
point  of  view,  yet  in  cases  where  the  oxygen  content  of  the  coal 
is  low  it  is  remarkable  how  nearly  such  "  calculated  "  values  often 
agree  with  those  actually  found  by  the  bomb  calorimeter. 

Thus,  in  a  Report  by  the  Government  Laboratory  upon 
the  calorific  values  of  some  forty-five  South  Wales  Coals  in- 
vestigated for  the  Geological  Survey  (vide  Memoir  upon  the 
Coals  of  South  Wales,  by  Drs.  A.  Strahan  and  W.  Pollard, 
2nd  Ed.,  1915,  p.  2),  the  values  calculated  by  means  of  the 
above  formula  came  out  within  0-5  per  cent,  of  those  actually 
found  experimentally  in  no  less  than  twenty-eight  cases,  whilst 
only  in  one  case  was  the  difference  between  the  two  figures 
greater  than  2  per  cent.  Of  the  forty-five  coals  in  question, 
only  six  contained  more  than  6  per  cent,  of  oxygen,  and  in  no 
case  did  the  oxygen  content  exceed  9  per  cent. 

That  there  is  often  a  fairly  close  agreement  between  the  results 
calculated  by  means  of  the  above  formula  and  those  actually 
found  by  the  bomb  calorimeter  in  cases  where  the  oxygen  content 
of  the  coal  is  low  also  agrees  with  the  author's  experience.  When, 
however,  the  oxygen  content  exceeds,  say,  about  y'$  per  cent 
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two  results  do  not  usually  show  more  than  a  rough  agreement, 
and  with  high  oxygen  content,  such  as  is  met  with  in  "  oxidised  " 
or  lignitic  coals,  there  is  usually  a  marked  disagreement. 

This  may  be  illustrated  by  the  following  tabulated  results 
(Table  XVIII)  for  a  series  of  seventeen  different  coals,  whose 
oxygen  contents  range  from  2*5  up  to  26*0  per  cent.,  taken  from 
one  of  the  author's  laboratory  note-books.  It  will  be  noted  that 
there  usually  is  a  much  closer  agreement  between  the  "  found  " 
and  "  calculated  "  values  in  the  case  of  the  nine  coals  whose 
oxygen  contents  were  all  less  than  5  per  cent,  than  in  the  other 
eight  cases  in  which  the  oxygen  contents  were  all  greater  than 
7*5  per  cent. 

TABLE  XVIII 


X.  Ekenber^P^t  Briquette 

2.  lialay  Lignitic  L. 

3.  Notts  Slack  B.  . 

4.  Japanese  F.  Coal 

5.  Lancashire  B. 

6.  Yorkshire  B. 
Yorks  B.  . 
Durham  B.  . 


I 


intlnute  Compodtloa. 


C. 

38-35 
68*40 

6535 
71*60 

78-45 
73*10 

77«x8 
79-0 


H. 

5-4a 

5-75 
5*oo 

5*8o 

5*26 

5-52 
6-37 
5-3 


S. 
0-3 
o*4 

045 
0*14 

1*30 

X*20 
X*IO 
X'O 


O. 
26*0 
17*8 
X2*0 
11*2 
IO*7 

8*5 
7-3 


CikrificValMt. 

KJCUu 
Per  KUoprnm. 


Fomd. 
5987 
6538 
6320 

7165 
7718 
7x92 
7990 
8027 


5463 
6751 
6497 

7394 
7721 

7457 
8087 

7908 


9.  Durham  B.C. 
xo.  £.  Indian  S.B. 
IX.  Scotch  A.  . 
X2.  S.  Wales  B.  . 
X3.  S.  Wales  A.  . 
14.  S.  Wales  A.  . 
X5.  S.  Wales  A.  . 
x6.  S.  Wales  A.  . 
X7.  S.  Wales  A.  . 


83*6 

7-15 
7-3 
9-3 
5-4 
89*4 
87*5 
86*4X 
90*4 


30 

4-5 
405 

3-65 
3-4* 
330 
348 
3-34 


x*o 

25 
o*x 

0*4 

X*2 

X-I5 
o*7 
0-57 
o*9 


3'0 
4-0 
4*0 
3*0 
3*2 

2*6 

3-5 
40 

a-5 


8206 
7690 
8270 
776X 
8050 
8360 

8x35 
8x04 

8390 


8373 
7665 
8279 

7795 
8046 

8316 

8070 

80x0 

8357 


L      ■■  Lignitic 

B      aa  Bituminous. 

B.C.  »  Bituminous — Hard  Coking. 

S.B.  ■■  Semi-bituminous. 

A.     n  Anthracite  or  Anthracitic. 

F.     -  a  Resinous  f  Fatty  ")  coal. 
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CHAPTER  V 

THE  CHEMICAL  COMPOSITION  OF  COAL  (cofUd.) 

C.    Classification  of  Coals 

Coals  may  be  classified  from  the  point  of  view  either  of  their 
geological  characteristics  or  of  their  suitability  for  various 
commercial  purposes;  some  systems  attempt  to  combine  as 
far  as  possible  both  these  objects.  None  of  the  existing  systems 
can  be  regarded  as  entirely  satisfactory  from  a  chemicaJ  point  of 
view,  and  indeed  it  must  be  confessed  that,  owing  largely  to 
our  ignorance  of  the  nature  and  proportionate  distribution  of 
the  principal  constituents  of  the  coal  substance,  a  sufficient 
basis  for  a  scientific  "  chemical "  classification  of  coals  does 
not  at  present  exist.  Hence  the  importance  of  further  research 
by  chemists  into  the  nature  of  coal. 

Any  complete  classification  of  coal  must  include  the  following 
three  principal  groups — each  of  which  may  be  recognised  by 
certain  characteristic  group  features : — 

A.  Sub-bituminous  or  Lignitic  (Non-caking — Carbon  usually 
below  75  per  cent.). 

B.  Bituminous  Coals  (Caking  or  Non-caking — Carbon  usually 
75  to  90  per  cent.). 

C.  Anthracites  or  Anthracitic  Coals  (Non-caking,  rich  in 
Carbon,  low  in  Hydrogen). 

The  REGNAULT-GRthfER  Classification 

The  earliest  classification  of  coals  is  due  to  Regnault,  who  was 
the  first  chemist  to  make  accurate  ultimate  analyses  of  them. 
He  found  that  the  principal  commercial  types  of  coal  could  be 
defined,  within  fairly  narrow  limits,  by  their  ultimate  composi- 
tions, and  especially  by  their  carbon  and  oxygen  contents.  The 
French  metallurgist  Griiner  extended  the  Regnault  system,  which 
for  commercial  purposes  is  still  a  useful  one,  although  cases  of 
coals  which  do  not  altogether  fall  into  line  with  it  are  occasionally 
met  with.  It  is  set  forth  in  a  slightly  modified  and  modernised 
form  in  Table  XIX  the  numbers  in  which  all  refer  to  the  "  dry 

ashless  "  coal  substance. 
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Considering  now  the  various  classes  included  in  this  table  more 
in  detail,  we  have  in  their  natural  order : — 


LiGNiTic  OR  Sub-bituminous  Coals  (Lignites  and  Brown 
Coals). — ^A  large  da3^>0f  principally  Tertiary  coals  which  are 
widely  distributed  over  the  Central  European  plain,  the  Southern 
States  of  North  America  (Texas,  Arkansas,  and  Louisiana),  and 
of  Cretaceous  coals  occurring  also  in  the  United  States  over  a 
large  area,  between  latitudes  49^  and  43^  N.  and  longtitudes 
100**  to  107®  W.  (North  Dakota,  Montana  and  Wyoming),  as  well 
as  in  Canada.  Large  deposits  are  also  found  in  Australia  and 
the  Malay  Peninsula.  They  may  be  sub-divided  according  to 
their  external  characters  and  geological  ages  into  (i)  Woody 
or  Fibrous  Brown  Coals,  which  retain  a  distinct  Ugneous  struc- 
ture; (2)  Earthy  Brown  Coals,  which  are  devoid  of  organic 
structure  and  readily  crumble  under  pressure;  (3)  Common 
Lignites,  of  a  dark  brown  colour  and  a  slatey  cleavage  {e,  g.  Bovey 
coal) ;  and  (4)  Bituminous  Lignites,  which  are  black  in  colour 
and  have  a  conchoidal  fracture. 

One  of  the  characteristic  features  of  the  lignites  is  the  large 
amount  of  water  (up  to  50  per  cent.)  which  they  contain,  and  it 
has  been  proposed  to  use  this  fact  as  a  basis  of  distinction  between 
them  and  the  lowest  grades  of  bituminous  coals.  It  was  suggested 
in  the  BuUeiin  No.  218  of  the  United  States  Geological  Survey 
(1903)  that  all  coals  containing  10  per  cent,  or  more  of  water 
should  be  classed  as  Ugnites,  but  sdthough  the  latter  almost 
invariably  contain  a  higher  percentage  of  water  than  10,  later 
investigations  by  the  Survey  have  shown  that  some  imquestion- 
ably  bituminous  coals  found  in  the  Mississippi  Valley  Ukewise 
contain  more  than  10  per  cent,  of  moisture.  Hence  the  sug- 
gested distinction  would  not  appear  to  be  imiversally  valid. 
Lignites  readily  lose  part  of  their  water  content  on  air-drying, 
and  in  so  doing  they  generally  disintegrate,  in  some  cases 
crumbling  to  powder,  in  others  with  well-marked  laminar  cracks. 

Until  quite  recently,  except  in  Germany  and  Austria-Himgary 
where  87*1  and  27*4  million  tons  respectively  were  raised  for 
home  consumption  in  1913,  lignites  have  not  been  considered 
as  of  great  economic  value,  but  the  problem  of  utilising  their 
immense  deposits  of  lignites  is  an  important  one  for  Australia, 
Canada,  Malaya,  and  other  parts  of  the  Empire. 
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Lignites,  when  dried,  are  readily  reduced  to  powder  in  a 
disintegrator,  and  with  addition  of  a  suitable  binder,  may  be 
again  consolidated  into  serviceable  briquettes  under  pressure. 
The  ash  content  usually  varies  between  5  and  15  per  cent.,  but 
may  run  considerably  higher,  whilst  the  nitrogen  content  usually 
lies  between  0-5  and  1-5  per  cent.  They  bum  with  a  very  long 
smoky  flame,  and  are  generally  quite  devoid  of  caking  properties, 
and  do  not  yield  a  coherent  coke.  On  low  temperature  distilla- 
tion they  yield  a  variety  of  valuable  decomposition  products, 
including  petrols,  kerosene,  fuel  and  lubricating  oils,  solid  paraf- 
fins, pitch,  ammonium  sulphate,  the  nature  and  uses  of  which 
have  for  some  time  past  been  the  subject  of  close  investigation 
in  the  author's  laboratory.  There  are  undoubted  commercial 
possibilities  in  the  world's  lignite  resources  which  will  well 
repay  the  attention  of  fuel  chemists. 

In  Germany  and  Austria  lignites  have  been  largely  used  for 
firing  boilers,  for  the  heating  of  evaporating  pans,  and  also 
in  the  case  of  some  of  the  better  qualities,  to  a  limited  extent 
for  metallurgical  purposes. 


B 

Bituminous  Coals.— This  term  is  applied  to  a  whole  series  of 
**  flaming "  coals  of  Carboniferous  or  Mesozoic  origin.  The 
Regnault-Griiner  Classification  sub-divides  them  into  four  classes, 
which,  however,  may  be  considered  really  as  three,  namely : — 

(i)  Super-bUuminous  Coals,  yield  at  900*"  more  than  40  per  cent, 
of  volatUe  matter  and  a  non-coherent  carbonaceous  residue. 
They  bum  with  a  very  long  and  highly  limiinous  "  smoky  " 
flame,  and  for  that  reason  are  chiefly  valued  for  the  firing  of 
reverberatory  furnaces  and  the  like.  They  are  also  used  to  some 
extent  as  house  coals,  because  of  their  "  free  burning  "  qualities. 
They  are  not,  however,  good  for  steam  raising,  and  their  non- 
caking  character  renders  them  quite  useless  for  coke  manufacture. 

(2)  Gas  Coals,  which  at  900**  C.  yield  between  32  and  40  per  cent, 
of  volatile  matter  and  a  porous  coke  of  moderate  strength.  They 
comprise  all  the  best  gas-coals.  They  bum  with  a  long  luminous 
flame,  and  on  distillation  pass  through  a  stage  of  intumescence, 
during  which  gas  is  freely  expelled. 

(3)  Hard  Coking  Coals,  which  at  900°  C.  yield  between  20  and 
32  per  cent,  of  volatile  matter  and  a  very  dense  and  hard  coke. 
They  are  chiefly  valued  for  the  manufacture  of  metallurgical 
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coke,  but  they  are  not  suitable  for  steam  raising,  because  on 
burning  in  the  boiler  furnace  they  form  dense  masses  of  coke 
which  can  only  be  completely  consumed  by  an  excessive  air 
supply. 

BC 

SEMi-BrruMiNOUS. — ^A  class  of  steam  coals  yielding  as  a  rule 
from  15  to  20  per  cent,  of  volatile  matter  at  900°  C.  which  includes 
all  the  best  Welsh  "  Admiralty  "  steam  coals.  They  are  usually 
only  feebly  caking,  and  bum  well  in  a  good  draught  with  a  short 
smokeless  flame. 

C 

(i)  Anthracitic. — ^Hard  steam  coals  yield  at  900°  C.  between 
8  and  15  per  cent,  of  volatile  matter.  They  are  non-caking  and 
bum  with  a  short  non-luminous  flame. 

(2)  ANTHRAcrrES. — Coals  yielding  less  than  8  per  cent,  of 
volatiles  at  QOO^^^C.  are  ususdly  classed  together  as  anthracites. 
In  Great  Britain  they  are  found  for  the  most  part  in  the  west  and 
north-west  border  of  the  South  Wales  coalfield  (West  Glamorgan, 
Breconshire,  Carmarthenshire,  and  Pembrokeshire)  over  an  area 
of  137,000  acres,  and  to  a  small  extent  in  certain  localities  in 
Scotland  (Ayrshire,  Linlithgow,  and  Fife),  where  the  bituminous 
seams  have  been  subjected  to  intmsion  of  molten  igneous  material 
subsequent  to  the  formation  of  the  original  coalfield.  Nearly 
80  per  cent,  of  the  world's  reserves  of  anthracites  are  said  to 
be  located  in  China,  and  there  are  extensive  fields  also  in  Russia 
and  the  United  States  (Pennsylvania). 

Anthracites  are  usually  distinguished  by  their  very  low  ash 
content  and  comparative  freedom  from  sulphur,  and,  owing  to 
their  cleanliness  and  smokeless  combustion,  they  are  chiefly  used 
for  domestic  heating  in  specially  constructed  closed  stoves,  for 
central  heating  furnaces,  for  drying  malt,  curing  rubber,  and  for 
other  special  purposes  where  a  smokeless  fuel  of  great  purity 
is  required.  The  total  quantity  of  anthracite  raised  in  Great 
Britain  in  the  year  1913  was  5,194,620  tons,  of  which  4,833,159 
tons  came  from  South  Wales;  nearly  3  million  tons  were  ex^ 
ported  chiefly  to  France,  Italy,  Germany,  Sweden,  and  Holland. 
The  advantages  of  using  anthracite  for  domestic  heating  are  more 
appreciated  on  the  Continent,  where  closed  slow  combustion 
stoves  are  largely  used,  than  in  England,  where  the  open  fire- 
place is  the  rule. 

Until  quite  recently  it  has  generally  been  believed  that  anthr^ 
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cites  represent  the  final  stage  in  the  transformation  of  the  original 
mother-substance  of  coal,  through  the  intermediate  stages 
represented  by  Ugnites  and  bituminous  coals.  In  support  of 
this  view  may  be  cited  the  fact  that  anthracites  are  found  in 
areas  which  are  known  to  have  been  subjected  to  great  earth 
movements  after  the  coalfields  were  originally  laid.  But  the 
fact  that  in  the  South  Wales  coalfield,  where  the  character  of  the 
seams  gradually  changes  from  bituminous  to  anthracitic  along  a 
hne  running  roughly  south-east  to  north-west,  the  ash  content 
diminishes  as  the  "  anthracitisation  "  increases  is  considered'by 
some  to  be  difficult  to  reconcile  with  the  theory  that  the  anthra- 
cite has  been  formed  by  the  expulsion  of  volatile  matter  from 
what  were  originally  bituminous  seams.  It  has,  therefore,  been 
suggested  that  in  this  particular  area  the  anthracite  has  been 
formed  from  a  different  type  of  original  vegetable  dibris.  In  this 
connection  attention  may  be  called  to  the  remarkable  fact  that 
whereas,  in  the  case  of  the  bituminous  coals,  the  caking  properties, 
as  well  as  the  strength  and  density  of  the  coke  produced  therefrom 
at  high  temperatures,  progressively  increase  with  diminishing 
yields  of  volatiles  at  900°  C.  until  they  attain  a  maximum  at 
from  20  to  25  per  cent,  thereof,  these  properties  disappear  almost 
abruptly  as  soon  as  the  yield  of  volatiles  falls  much  below  20  per 
cent.  The  serai-bituminous  steam  coals,  yielding  from  15  to 
20  per  cent,  of  volatiles  at  900°  C.  are  all  either  non-caking  or 
only  feebly  so,  in  marked  contrast  with  the  hard  coking  coals 
yielding  a  little  more  than  zo  per  cent,  of  volatiles.  Again,  non- 
caking  coals  are  either  (i)  anthracites,  anthracitic,  or  semi-bitu- 
minous, which  are  rich  in  carbon,  with  a  very  low  oxygen  content, 
or  (2}  those  either  with  a  high  oxygen  content  (exceeding  15  per 
cent.)  or  derived  from  seams  which  apparently  at  some  period 
subsequent  to  the  formation  of  the  coalfield  had  become  "  oxi- 
dised ■'  by  exposure  to  atmospheric  influences,  e.  g.  Warwickshire 
and  Leicestershire  seams.  ^H 


Selection  of  Coals  ™ 

In  selecting  a  coal  for  any  particular  purpose,  the  following 
points  may  usefully  be  borne  in  mind  : — 

(1)  The  best  gas-coals  are  those  in  which  the  0  :  H  ratio  is 
approximately  2-0.  They  usually  yield  32  to  38  per  cent, 
of  volatiles  at  900°  (reckoned  on  the  dry  asldess  coal), 
and  a  fairly  porous  coke. 
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(2)  The  best  coking  coals  usually  yield  between  20  and  30 

per  cent,  of  volatiles  at  900**  C.  They  are  strongly 
caking,  and  have  a  ferruginous  ash. 

(3)  The  best  steam-coals  are  found  among  those  which  yield 

between  10  and  20  per  cent,  of  volatiles  at  900**  C.  ; 
they  are  non-caking,  or  only  feebly  so,  and  they  should 
have  a  non-ferruginous  ash. 

(4)  For  gas  generation,  where  the  whole  of  the  coal  is  to  be 

gasified  in  a  "  producer  "  under  the  influence  of  a  mixed 
steam-air  blast  for  the  making  of  "  Producer  Gas," 
it  is  best  to  select,  whenever  available,  either  a  non- 
caking  or  feebly-caking  coal  with,  if  possible,  an  infusible 

non-ferruginous  ash.  Strongly  caking  coals  are  to  be 
avoided. 

(5)  The  coals  freest  from  sulphur,  arsenic,  and  with  the  purest 

and  lowest  ash  contents  are  the  anthracites. 

Wedding's  Classification 

Wedding,  an  eminent  German  authority,  has  proposed  to  divide 
coals  into  six  principal  groups,  according  to  the  percentage  of 
volatile  matter  yielded  by  the  dry  ashless  fuel  as  follows  : — ^ 

TABLE   XX 


Class. 

Percentage  Yield  of 
Volatiles. 

1.  Lean  Anthracitic  G>als 

2.  Sintering  Coals  (old)  poor  in  gas 

3.  Caking  Coals  (old)  poor  in  gas 

4.  Caking  Coals  (recent)  rich  in  gas 

5.  Sintering  Coals  (recent)  rich  in  gas 

6.  5>and  Coals  (recent)  rich  in  gas 

5*0  to  lO'O 
lo-o  to  15*5 
155  to  33-3 
333  to  40-0 
40-0  to  44*4 
44*4  to  50'0 

In  drawing  up  this  classification  Wedding  had  chiefly  in  mind 
the  caking  properties  of  coals,  which  increase  uniformly  in  the 
directions  i  to  3  and  6  to  4  of  the  table,  and  attaining  a  maximum 
about  mid-way  in  Classes  3  and  4.  Apparently  he  was  of  opinion 
that  in  general  the  percentage  of  volatiles  yielded  by  a  coal 
diminishes  with  its  geological  age,  a  view  which  many  chemists 
have  held,  but  which  the  author  regards  as  questionable  and 
misleading.  Certainly  the  coals  included  in  the  first  four  classes 
of  the  table  are  all  of   Carboniferous  (or  Permo-Carboniferous) 

^  Grundriss  der  EisenhUUenkunde,  p.  46. 
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origin,  and  an  attempt  to  discriminate  between  their  respective 
geological  ages  on  the  grounds  of  chemical  properties  or  behaviour 
alone  is  of  doubtful  validity.  Wedding  indeed  qualified  this 
view  by  the  further  statement  that  the  properties  of  the  seams 
in  a  grown  coalfield  are  subject  to  considerable  variations  accord- 
ing to  the  thickness  of  the  overlying  strata. 

The  weak  point  about  such  a  classification  is  that  it  does  not 
discriminate  sufficiently  between  the  valuable  semi-bitiuninous 
(volatiles  =  15  to  20)  and  hard  coking  (volatiles  =  20  to  33) 
classes,  otherwise  it  is  quite  a  useful  scheme  for  metallurgists 
and  has  the  advantage  of  not  depending  on  the  exact  ultimate 
analysis  of  the  coal. 

C.  A.  Seyler's  Classification 

Mr.  C.  A.  Seyler,  as  the  result  of  a  special  study  of  the  coals 
of  South  Wales,  which  comprise  numerous  varieties  ranging 
from  bituminous  through  semi-bituminous  and  anthracitic  coals 
up  to  anthracites,  has  put  forward  a  chemical  classification  based 
upon  the  percentages  of  carbon  and  hydrogen  in  the  pure  coal 
substance  (see  Table  XXI). ^  He  divides  coals  into  five  principal 
genera,  according  to  their  hydrogen  contents;  each  genus 
is  then  sub-divided  into  a  number  of  species  according  to  the 
percentage  of  carbon.  The  classification  thus  really  depends  on 
two  factors,  namely,  in  the  first  place  upon  the  hydrogen  content, 
and  in  the  second,  upon  a  C  f  H  ratio. 

Drs.  A.  Strahan  and  W.  Pollard,  of  the  Geological  Survey  of 
England  and  Wales,  in  [their  recent  Memoir  upon  the  Coals  of 
South  Wales  *  adopted  Seyler's  general  plan  and  nomenclature  as 
one  of  the  best  so  far  available  for  the  purpose  of  scientific 
classification,  and  defined  the  observed  limits  for  the  five  principal 
genera  as  follows  : — 

TABLE  XXI 


Genus. 

Percentage  H. 

Ratia 

1.  Anthracitic 

2.  Carbonaceous 

3.  Semi-bituminous 

4.  Bituminous 

5.  Per-bituminous 

under  4*0 
40  to  45 
4*5  to  50 
50  to  58 
over  5'8 

over  22 
20-3  to  23-35 
1 6-6  to  2o*4 
14-6  to  1 8*2 
I2'9  to  14*7 

*  Proc,  S.  Wales  Inst.  Engineering,  XXI.,  p.  483,  and  XXII.,  p.  ixa. 

*  First  edition  1907;  second  edition  1915. 
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Also  the  United  States  Geological  Survey,  independently  of 
Mr.  Seyler's  previous  work,  and  after  considering  several  other 
possible  schemes,  finally  adopted  the  following  classification 
which  is  also  based  upon  the  C  :  H  ratio  in  the  pure  coal  substance.^ 


TABLE  XXII 


Group.  1        Description. 

Ratio  C:H. 

A. 

Graphite 

1} 

Anthracite 

/  ?        to  30 
\  ?30     to  26 

D. 

Semi-anthracitic 

?26     to  23 

E. 

Semi-bituminous 

?23     to  20 

F-l 

f    20     to  17 

G. 
H.  • 

Bituminous 

17     to  14-4 
I4'4  to  12-5 

I.- 

I      12'S  to  II-2 

k 

lignitic 

Peat 

11*2  to    9'3? 
?9'3'to  ? 

L. 

Wood 

7-2 

Whilst  there  thus  seems  to  be  a  considerable  weight  of  geo- 
logical opinion  in  favour  of  adopting  the  C :  H  ratio  for  the  pure 
coal  substance  as  the  most  satisfactory  basis  of  classification 
at  present  available  for  their  purposes,  chemists  will  hardly  rest 
satisfied  with  any  such  empirical  scheme.  Sixty  years  ago  (1857) 
W.  Stein  in  his  well-known  Chemische  und  Chemisch-techniscke 
UnUrsuchangen  der  Steinkohlen  Sachsens  pointed  out  the  un- 
certainty of  conclusions  concerning  the  properties  of  coals  based 
merely  upon  the  percentages  of  carbon  and  hydrogen,  respectively, 
which  they  contain.  Again,  in  1898,  W.  Carrick  Anderson  and 
Roberts,  in  reporting  the  results  of  their  investigation  upon  some 
tj^ical  Scottish  coals  of  the  Lanarkshire  and  Stirlingshire  coal- 
fields, remarked  that  the  outstanding  feature  was  the  close 
approximation  in  elementary  chemical  composition  of  coals  drawn 
from  localities  geographically  far  apart  and  from  strata  of  different 
geological  age,  quoting  as  an  example  the  close  similarity  between 
the  ultimate  composition  of  the  famous  Lanarkshire  spUnt  coal 
and  those  of  the  soft  coals  both  above  and  below  it.*  The 
author's  own  investigations  upon  typical  English  coals  have 
brought  to  light  some  interesting  examples  of  coals  possessing 

1  Report  on  the  Coal  Testing  Plant  of  the  U.S.  Geol.  Survey,  Vol.  I.,  1906, 

pp.  156-73- 
*  Journ.  Soc.  Chem.  Ind.,  1898,  p.  10x3. 
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quite  different  properties  whose  elementary  compositions  are 
very  similar. 

Certainly  no  present-day  chemist  who  is  familiar  with  the 
innumerable  cases  of  isomerism  among  the  compounds  of  carbon 
would  for  a  moment  accept  any  view  which  implied  that  such 
isomerism  is  not  to  be  met  with  in  coals.  Coal  is,  of  course,  not 
a  single  homogeneous  substance,  but  a  heterogeneous  mixture,  in 
varying  proportions,  of  several  different  types  of  substances  of 
great  molecular  complexity  which  probably  individually  exist  in 
many  isomeric  forms.  And  no  classification  can  be  regarded 
as  satisfactory  from  a  chemical  standpoint,  however  useful  it 
may  be  in  other  respects,  which  does  not  in  some  way  or  other 
take  into  account  the  nature  and  proportionate  distribution  of 
the  principal  constituents  in  the  coal  substance.  Unfortunately, 
owing  to  our  scanty  knowledge  of  such  matters,  sufficient  data 
for  such  a  classification  are  not  yet  forthcoming. 
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CHAPTER  VI 

THE  CHEMICAL  COMPOSITION   OF  COAL   (conid,) 

D.     The  Constituents  of  the  Coal  Substance  and  the  Action  of 

Various  Reagents  and  Solvents  thereon 

I.  General 

If,  as  has  been  explained  in  the  preceding  chapters,  the  coal 
substance  may  be  regarded  from  a  chemical  standpoint  as 
essentially  a  mixture  in  variable  proportions  of  the  degradation 
or  transformation  products  of  the  ligno-ceUuloses,  proteids, 
and  resinous  matters  comprising  the  original  vegetable  dibris, 
it  is  all-important  to  know  not  only  how  far  chemists  have 
succeeded  in  detecting,  or  discriminating  between,  these  several 
products  in  the  coal  substance,  but  also  how  each  class  of  pro- 
ducts is  Hkely  to  affect  the  properties  and  uses  of  the  coal,  and 
especially  how  each  class  behaves  when  the  coal  is  subjected 
to  destructive  distillation.  For,  viewed  even  from  the  lowest 
plane  of  immediate  practical  utility,  our  chemical  knowledge  of 
coal  must  be  considered  deficient  until  we  are  able,  not  only  to 
give  a  rational  analysis  of  any  particular  coal,  but  also  to  predict 
the  influence  of  each  type  of  constituent  upon  the  behaviour 
of  the  coal  at  all  temperatures,  and  upon  the  yields  of  the  various 
products  obtainable  when  it  is  distilled  at  any  given  temperature. 
And  although  it  cannot  be  said  that  we  have  as  yet  reached  such 
a  point,  it  is  well  to  know  what  should  be  the  immediate  goal  of 
our  endeavours,  and  what  progress  is  being  made  in  its  direction. 

Among  the  parent  substances  in  the  organic  debris  from  which 
coals  have  originated,  we  are  chiefly  concerned  with  the  following 
three  principal  classes: — 

(a)  CMuloses,  i.  e.  ligno-ceUuloses,  essentially   carbohydrates 

n(CxsHi809)  of  a  cyclic  type. 

(b)  Resinic,  i.  e.  gums,  resins,  and  waxes,  all  of  which  are 

compounded  of  carbon,  hydrogen,  and  oxygen,  but  may 
belong  to  many  different  chemical  types. 

(c)  Nitrogenous,  i.  e.  proteid  bodies,  or  compoimds  of  carbon, 

hydrogen,  oxygen,  nitrogen,  and  sulphur. 
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These  bodies  have,  during  the  formation  of  coal,  been  subjected 
first  of  all  to  the  disintegrating  influence  of  decay,  as  in  modem 
peat  bogs,  followed  by  the  combined  action,  continued  through 
long  geological  ages,  of  great  pressure  and  a  slowly  rising  tempera- 
ture, which  latter,  however,  has  certainly  not  exceeded  300°  C. 
and  may  have  been  considerably  less.  In  such  circumstances 
the  relatively  imstable  cellulosic  and  proteid  constituents  would 
certainly  undergo  such  profound  changes  as  would  mask,  if  they 
did  not  entirely  obUterate,  their  original  characters,  whilst  it 
might  be  expected  that  the  more  stable  resinous  constituents 
would  be  affected  to  a  considerably  less  degree. 

There  is  some  evidence  also  that  small  quantities  of  hydro- 
carbons are  present  in  coals,  whether  associated  with  the  resinic 
constituents  or  independentiy  of  them  is  not  yet  quite  certain, 
but  they  are  neither  so  prominent  nor  invariable  as  the  three 
principal  t5T)es  which  may  now  be  considered  more  in  detail. 

(a)  Cellulosic  (or  Humic)  Derivatives 

Renault  in  his  well-known  researches  upon  peat  foimd  that 
fungi  and  anaerobic  bacteria  play  the  most  important  part  in 
the  preliminary  breakdown  of  the  vegetable  fibre  into  ulmic  or 
humic  compounds  of  the  average  composition : — 

Carbon  =  65*30 
Hydrogen  =  385 
Oxygen     =  3085 

Mulder,  Einof ,  Proust,  and  Bra9annot  have  identified  such  bodies 
as  the  chief  "  cellulosic  "  constituents  of  peat,  whilst  Herz  has 
found  similar  substances,  which  he  called  carbo-htmiic  and  carbo- 
ulmic  acids,  in  Hgnites,  and  to  which  he  assigned  the  following 
average  composition: — 

Carbon.    Hydrogen.  Oxygen. 
Carbo-ulmic  acid         .         .         .     62-36        477        32'87 
Carbo-humic    „  ...     64-59        5*15        30-26 

In  1897  H.  von  FeiUtzen  and  B.  Tollens,^  reporting  the  results 
of  their  chemical  researches  upon  peat  and  its  formation,  stated 
that  the  cellulose  content  of  a  peat  bog  examined  by  them 

*  Bet.  deut,  Chsm.  G$s.,  1897.  30,  pp.  2571  to  2584. 
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rapidly  diminished  with  the  depth,  as  the  following   figures 
show : — 

Mean  Perpentage 
of  Cellulose. 


Sphagnum  cuspidaium  at  surface     ....  2i*i 
at    20  to  100  cm.  below  surface    .         .         .  15-20 
100  „  200     „       „         „  ...     6-87 


M" 


Similarly  they  also  found  that  the  quantity  of  pentosans 
C5H8O4  present  in  the  dry  peat  rapidly  diminishes,  and  at  the 
same  time  the  total  carbon  content  increases  in  almost  like 
proportion,  with  the  depth,  as  follows — 


Depth  below  Surface  in  cms. 

Percentages  in  the  Dry  Peat. 
Pentosans.    Total  Carbon. 

20  to  100 

.      1275             51-08 

100   „  200 

•      975           53-52 

200   „  300 

.      5-87           58-66 

These  observations  indicate  how  quickly  the  original  cellulose,  or 
other  carbohydrate  constituents  of  vegetable  tissue,  may  be  trans- 
formed into  other  products  under  the  influence  of  decay  organisms 
in  a  peat  bog ;  and  therefore,  whilst  in  some  lignites  the  original 
woody  structure  is  well  preserved,  it  is  not  to  be  expected  that 
the  original  cellulose  or  Ugno-cellulose  is  present  in  coals  except 
in  a  greatly  altered  condition.  The  well-known  fact,  however, 
that  both  dry  woody  tissue  and  the  coal  substance  show  an 
early  ehmination  of  water  when  moderately  heated  in  absence 
of  air  strongly  suggests  a  "  cellulosic "  tjrpe  of  constituent  as 
predominant  in  coal.  Moreover,  in  1901  S.  Stein  ^  obtained 
black  products  resembling  coal  in  both  outward  appearance 
and  elementary  composition  (C  =  81-3  and  H  =  3-8  per  cent.) 
by  heating  wood  with  water  in  sealed  tubes  to  290"*  C.  for  five 
hours,  whilst  more  recently  Bergius,  by  heating  cellulose  under 
pressure  to  a  temperature  of  340**  C.  has  produced  an  "  artificial 
coal "  of  the  composition : — 

Per  cent. 

Carbon  ....  84-0 
Hydrogen  ....  5-0 
Oxygen       ....     ii-o 

^  Chem.  C$nSralblatt,  1901,  ii.  950  and  /.  C  5.  Abstracts,  1902,  ii.  p.  87. 
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(b)  Nitrogenous  Constiiuenls 

Vegetable  proteid  matter  is  even  more  susceptible  than  cellu-^ 
losic  bodies  to  the  influence  of  decay  organisms,  and  therefore, 
whilst  the  nitrogenous  constituents  of  present-day  coals  may  be 
regarded  as  having  probably  originated  from  proteids,  they  can 
only  have  survived  in  very  greatly  altered  forms. 

The  elementary  composition  of  proteids  varies  between  the 
following  limits: — 


Carbon 

■     50-0  to  55-0 

Hydrogen    . 

-       6-9  ..    7-3 

Nitrogen 

.     I5-0  .,  i9'0 

Oxygen 

.     ig'O  „  24-0 

Sulphur 

-       0-3  .,    2-4 

u 

I  Now  since  the  nitrogen  of  coal  usually  varies  between  075  and 

I  175  per  cent,  with  an  average  of,  say.  1-25  per  cent.,  it  would 

F  seem  unlikely  that  the  amoimt  of  proteid  degradation  products 

contained  in  them  exceeds  on  the  average  10  per  cent,  of  the 

total  coal  substance,  and  the  proportion  may  be  even  less. 

If  a  coal  be  heated  out  of  contact  with  air,  the  evolution  of 
ammonia  is  first  observed,  according  to  Carrick  Anderson  and 
Roberts,  at  m"  C.  in  the  case  of  a  gas  coal,  and  at  480°  in  the 
case  of  anthracitic  types.  Later  on,  M.  G.  Christie  in  an  investi- 
gation upon  the  nitrogenous  contents  of  peat,  gas  coals,  and 
anthracites,  proved  that  whilst  the  evolution  of  ammonia  begins 
at  about  350°  C.  in  the  case  of  a  gas  coal,  and  at  450°  in  the  case 
of  anthracites,  the  principal  evolution  occurs  between  500°  and 
700°,  after  which  it  almost  ceases.'  Only  a  small  portion,  usually 
not  exceeding  one-fifth,  of  the  total  nitrogen  is  ever  evolved  as 
ammonia  in  this  way,  the  greater  part  of  it  remains  firmly  held 
in  the  residual  coke,  0.  Simmersbach  *  has  recently  studied  in 
great  detail  the  distribution  of  the  nitrogen  between  coke,  tar, 
ammonia,  hydrogen  cyanide,  and  free  nitrogen  at  various  tem- 
peratures of  carbonisation  from  a  Silesian  coal  containing 
1'396  per  cent,  nitrogen  and  6-63  per  cent.  ash. 
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TABLE  XXIIl 


Carboni- 

in 

satioo  Tem- 

perature C.° 

Coke. 

Gil. 

NH» 

T«r. 

HCN. 

600 

71-69 

IS- 1 3 

.i:f; 

2-ia 

0-25 

3-65 

63-65 

IO-73 

3-47 

0-87 

900 

12-14 

24-12 

4-15 

i-ig 

4998 

21-53 

23-15 

4>-39 

30-51 

2309 

3-70 

I-3I 

IIOO 

56-43 

45«'> 

22-84 

4'il 

1-42 

It  will  thus  be  seen  that  the  maximum  formation  of  ammonia 
occurs  at  900°,  whilst  upwards  of  50  per  cent,  of  the  nitrogen 
remains  in  the  coke  up  to  1000°  and  more  than  25  per  cent,  at 
1200°. 

The  distribution  of  its  nitrogen  when  coal  is  distilled  on  a 
large  scale  may  be  illustrated  by  the  following  table. of  average 
results  obtained  (i)  in  testing  some  eighty  Scottish  Coals  (N  = 
0-915  up  to  1-873  percent.)  at  the  Provan  Gas  Works  in  Glasgow, 
under  conditions  prevailing  in  a  modem  gas-retort,  and  (2]  in 
coking  a  Durham  coal  (N  =  1-57  per  cent.)  in  Otto-Hilgenstock 
ovens  at  Blayden-on-Tyne.*  It  will  be  observed  that  the  principal 
effect  of  the  higher  temperature  in  the  coke  oven  as  compared 
with  the  gas-works  retort  was  to  drive  more  nitrogen  (as  Nj) 
out  of  the  residual  coke,  although  it  also  caused  a  perceptible, 
though  not  material,  lowering  of  the  yields  of  ammonia  and 
other  basic  nitrogen  products. 


Percentage  of 

the  Original 

Nitrogen 


Gas- 
remaining  in  the  coke  .  .  .  58-3 
appearing  as  bases  in  the  tar  .  3-9 
recovered  as  ammonia .  ,   17-1 

„         „   cyano-compounds  1-2 
appearing  as  N,  in  the  gas .     .   19-5 


1516 
1-43 
37-12 


lOO-O        lOO-O 


It  thus  appears  that  in  laige-scale  distillation  operations  not 

more  than  20  per  cent,  of  the  original  nitrogen  is  recovered  as 

ammonia  and  that  upwards  of  40  per  cent,  of  it  remains  in  the 

>  A.  Sbort,  Joitm.  Soe.  Ch«m.  Ind.,  1907,  p.  581. 
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coke,  even  though  the  contents  of  the  carbonising  chamber  have 
been  raised  to  between  looo®  and  iioo®  C. 

So  firmly  is  the  residual  nitrogen  combined  in  the  coke  that, 
according  to  M.  G.  Christie's  researches  (loc.  cii.),  it  is  only  very 
slowly  expelled  from  it  (as  free  nitrogen)  as  the  temperature  is 
gradually  raised  from  goo**  to  1900®  C,  and  he  considers  it  to  be 
present  in  the  original  coal  in  an  extraordinary  stable  "  nitride  " 
form  as  distinguished  from  the  much  less  stable  "  imino  "  nitrogen 
existing  as  organic  compotmds  which  decompose  below  goo**  C. 
yielding  anunonia.  Harger,^  who  has  drawn  attention  to  the 
very  different  results  obtained  in  the  estimation  of  nitrogen  in 
coal  by  the  Dimias  and  Kjeldahl  methods  respectively,  also 
discriminates  between  what  may  be  termed  the  **  ammonia- 
yielding  "  nitrogen,  which  he  suggests  exists  in  a  side  chain  in 
the  parent  molecule,  and  the  **  fixed  nitrogen  "  which  is  stable 
at  red  heat,  and  which  he  thinks  is  probably  present  in  some 
ring  formation.*  It  therefore  seems  necessary  to  recognise  the 
presence  of  at  least  two  tjrpes  of  nitrogenous  constituents  of 
widely  different  stabiUties  in  coal,  each  of  which  behaves  accord- 
ing to  its  own  nature  on  distillation.  And  the  existence  of  so 
stable  a  tjrpe  as  that  which  Christie  has  designated  the  '*  nitride  " 
constituent  is  in  itself  proof  of  the  profotmd  changes  which  the 
original  proteid  matter  must  have  undergone  in  the  process  of 
coal  formation. 

It  has  been  shown  by  the  researches  of  Carrick  Anderson  and 
others  that  the  nitrogenous  constituents  of  coal  are  without 
influence  upon  its  caking  properties ;  the  proteid  origin  of  these 
compoimds  also  accounts  for  the  occurrence  of  "  organic  "  sulphur 
in  coal. 


(c)  The  Resinic  Constituents 

The  occurrence  of  fossil  gmns  and  resins  has  been  frequently 
observed  in  peats,  Ugnites,  and  other  Tertiary  coals.  Mulder 
isolated  from  Friesland  peats  a  number  of  resins  similar  to  those 
which  he  had  observed  in  Ugnites  from  districts  as  far  apart  as 
Saxony,  Moravia,  and  New  Zealand.  Carrick  Anderson  and 
Henderson '  in  a  report  upon  some  Japanese  coals  noted  the 
frequent  occurrence  in  them  of  pieces  of  clear  bright  resin  of 
the  size  of   peas  or  beans,  an  observation  which  the  author 

^  Joum,  Soc.  Chem,  Ind.,  1914,  p.  389.  '  Ibid, 

*  Ibid.,  1902,  p.  241. 
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can  confirm  from  his  own  experience  with  certain  Manchurian 
coals. 

With  regard  to  British  coals,  as  long  ago  as  1838  James  F.  W. 
Johnston^  isolated  round  masses  of  resin,  seldom  larger  than 
a  pea,  from  the  coals  of  the  Middleton  Collieries  near  Leeds,  and 
reported  having  observed  thin  layers  of  resinous  materials  between 
those  of  the  coal.  Analyses  of  the  isolated  resin  masses  were 
made,  showing  the  following  mean  composition: — 

Carbon  =  86-2 
Hydrogen  =  8-0 
Oxygen        «=    5-8 

100 -o 

Mallet'  also  has  published  the  following  analyses  of  a  fossil 
resin  which  was  found  in  "  small  drops  or  tears  of  round  or 
ovoid  forms  vaiying  from  the  size  of  a  pea  to  that  of  a  hazel 
nut "  in  the  coal  measures  in  the  neighbourhood  of  Wigan.    It 


ao  mtrogen:- 

" 

(I) 

(*) 

Carbon 

• 

.  7674 

77-15 

Hydrogen    . 

• 

.      8-86 

9-05 

Oxygen 

• 

.     1072 

10-12 

Ash 

• 

.      3-68 

3-68 

100*00 

100-00 

Recently  an  American  investigator.  White,  of  the  United  States 
Geological  Siurveyi  has  drawn  attention  to  the  evidence  of  the 
widespread  occurrence  of  resinous  constituents  in  coals  of  all 
ages,  and  has  given  the  following  particulars  of  the  composition 
of  a  resin  cast  from  a  Montana  coal : — ^ 


As  Taken. 
0/ 

Ash-free. 
0/ 

Carbon 
Hydrogen    . 
Oxygen 
Ash 

/o 

.    72-69 

.     8-85 

.    13-61 

.    485 

/o 
76-40 
9.30 
14-30 

100-00  100-00 

1  PhU,  Mof.Vm.),  12.  p.  261.  «  md,  (iv.),  4.  p.  261. 

•  C/.S.  GeoX,  Survey  Paper  85  E.,  pp.  65  to  83. 
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It  U  probable,  as  White  has  remarked,  that  the  carboniferou^ 
floras  were  at  least  as  richly  productive  ol  resinous  substances 
as  those  o£  later  periods,  and  inasmuch  as  the  chemical  stabilities 
of  such  resins,  when  exposed  to  the  action  of  decay  organisms, 
are  presumably  much  greater  than  those  of  either  celluloses  or 
proteids,  it  seems  reasonable  to  suppose  that  they  have  under- 
gone less  alteration  during  the  long  transformation  process, 
although  it  is  probable  that  various  "  condensation  "  changes 
have  occurred.  It  is  therefore  to  be  anticipated  that  the 
resinous  constituents  of  coal  will  exhibit  much  less  divergence 
from  their  parent  types  than  do  the  degradation  products  of 
either  the  celluloses  or  proteids. 

On  the  other  hand,  chemical  investigation  seems  to  show  that 
the  resinic  constituents  may  be  expelled  or  decomposed  by  heat 
fairly  readily  at  comparatively  low  temperatures.  Thus  Carrick 
Anderson  and  Henderson  found  that  the  resinic  constituents  of 
certain  non-caking  Scottish  coals  could  be  driven  off  by  heating 
them  to  between  300°  and  315°  C.  in  a  current  of  carbon  dioxide. 
The  mixture  of  resins,  with  possibly  other  bodies,  so  eliminated 
had  an  elementary  composition  {C  =  807,  H  =  9-5,  and  0  —  g-S 
per  cent.)  not  unhke  that  of  ordinary  resin.  Also  it  was  found 
that  the  coking  properties  of  caking  coals  were  greatly  impaired 
by  such  removal  of  resinic  bodies. 

The  later  researches  of  R.  V,  WTieeler  and  other  workers 
indicate  that  the  resinic  constituents  rapidly  decompose  between 
400°  and  700°  C.  yielding  chiefly  parafftn  hydrocarbons  but  little 
hydrogen,  within  which  temperature  range  also  the  cellulosic 
derivatives  certainly  lose  water  (water  of  constitution)  if  they 
do  not  further  decompose.  Moreover,  it  is  probably  the  rapid 
decomposition  of  the  resinic  constituents  at  comparatively  low 
temperatures  wliich  is  responsible  for  the  long  luminous  flames 
and  black  smoke  produced  when  raw  bituminous  coals  are  burnt 
in  furnaces. 

It  may  here  be  remarked  that  the  term  "  resin  "  includes  a 
large  number  of  complex  substances,  of  widely  different  chemical 
types,  which  are  difficult  to  classify  on  any  scientific  plan.  They 
are  all  (or  nearly  so)  of  vegetable  origin,  and  are  regarded  by 
physiologists  as  waste  products  of  plant  metabolism,  in  which 
case  those  derived  from  plants  of  the  same  genus  or  order  might 
be  expected  to  have  a  similar  chemical  constitution.  They  are 
chiefly  obtained  either  by  the  spontaneous  evaporation  of  oleo- 

resinous  juice  exuded  from  the  trunks  of  trees,  or  by  the  extrac; 
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tion  of  other  parts  of  plants  by  means  of  such  solvents  as  alcohol 
or  ether,  or  they  are  found  as  "  minerals  "  {e.  g.  amber)  which 
have  undoubtedly  been  produced  by  extinct  vegetation. 

They  are  all  more  or  less  amber-like,  translucent  and  amor- 
phous solids,  or  semi-solids,  which  soften  at  temperatures  much 
below  their  melting  points,  which  are  rather  indefinite.  They 
exhibit  in  a  marked  degree  the  phenomenon  of  superfusion,  and 
whilst  insoluble  in  water,  they  are  generally  soluble  in  alcohol, 
ether  and  chloroform,  from  which  solutions  they  may  be  pre- 
cipitated in  a  colloidal  form  by  the  addition  of  any  electrolyte 
such  as  aqueous  hydrochloric  acid.  In  this  way  they  may  be 
obtained  as  a  white  precipitate  which  slowly  turns  brown,  owing 
to  internal  molecular  rearrangements.  The  latter  are  independent 
of  the  influence  of  either  oxygen  or  light. 

In  their  natural  condition  resins  are  not  chemically  homo- 
geneous, but  are  mixtures  of  allied  substances.  As  a  rule  they 
contain  {a)  a  resinol  acid,  which  apparently  contains  both  OH 
and  COOH  groups ;  (b)  a  saponifiable  resine  ester ;  and  (c)  a  non- 
saponifiable  resene,  which  is  inert  towards  alkalies.  They  are 
termed  resinol-resins,  resine-resins,  or  resene-resins,  according 
as  constituent  a,  6,  or  c  predominates.  They  also  usually  con- 
tain a  carbonyl  CO  group.  Another  class  of  resins,  known  as 
resino-tannols,  contain  one  or  more  of  the  constituents  a,  b,  c, 
together  with  a  tannic  acid  complex,  and  are  fermentable.  A 
recent  authority,  conunenting  upon  the  difficulty  of  defining  or 
classifying  resins,  has  remarked : ^  "So  widely  do  the  various 
resins  that  have  been  studied  differ  from  one  another  chemically, 
that  it  seems  likely  that  as  a  class  they  will  ultimately  dis- 
appear, being  taken  to  fidl  in  groups  here  and  there  in  the 
structure  of  organic  chemistry." 

The  mere  knowledge  that  coals  contain  "  resinic  constituents  " 
does  not,  therefore,  carry  us  very  far.  No  one  has  been  able  to 
define  their  real  chemical  nature ;  nor  is  it  yet  possible  to  say 
whether  or  not  they  differ  in  different  tjrpes  of  coal,  and  if  so, 
then  to  what  extent.  Before  such  questions  can  be  satisfactorily 
answered  much  further  chemical  research  is  needed. 

»  Prof.  A.  Scnier  in  his  article  upon  "  Resins  "  in  Thorpe's  Did.  of  Applied 
CJUmistry,  Vol.  IV.,  p.  559.  The  reader  is  also  referred  to  A.  Tschirch's 
Die  Haru  und  die  Harubehdlter,  Leipzig,  1900. 
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II.  Methods  of  Chemical  Investigation 

The  methods  hitherto  employed  by  chemists  in  investigating 
the  nature  of  the  coal  substance  may  be  summarised  imder  three 
principal  heads,  namely : — 

(i)  Chemical  attack  by  means  of   various   reagents  which 

oxidise,    decompose,    or    otherwise     alter    the     coal 

substance, 
(ii)  The  action  of  solvents  which  are  supposed  to  extract 

fractionally    certain    constituents    without    radically 

altering  them, 
(iii)  The  action  of  heat,  i.  e,  distillation  either  of  the  original 

coal  or  of  certain  extracted  constituents  thereof  at 

definite    temperatures   and    the   examination   of    the 

various  products  so  obtained. 

The  general  character  of  the  results  yielded  by  the  first  two 
of  these  methods  will  be  discussed  in  this  chapter,  leaving  the 
third  method  to  be  dealt  with  separately  later  on. 

(i)  Chemical  Attack  by  Reagents. — ^The  reagents  chiefly  employed 
have  been  sulphuric  and  nitric  acids,  caustic  alkalies,  bromine, 
ozone  and  oxygen.  Coal  being  a  heterogeneous  mixture  of  com- 
plex substances,  all  of  which  are  amorphous,  and  most  of  them 
in  forms  which  are  imperfectly  soluble  in  any  known  reagent, 
the  chemist  has  naturally  endeavoured  to  transform  some  of 
them  by  known  chemical  treatment  into  simpler  and  more 
easily  definable  products,  capable  of  separation,  purification,  and 
recognition  by  ordinary  analytical  methods.  Such  attempts, 
however,  have  been  largely  abortive,  because  although  such 
transformation  products  can  be  obtained,  the  yields  are  either  so 
small,  or  the  products  themselves  are  in  such  an  advanced  stage 
of  decomposition,  that  they  afford  but  little  reliable  evidence 
as  to  the  nature  of  the  original  coal  constituents.  And,  again, 
where  higher  yields  or  less  degraded  products  have  been  obtained, 
they  have  usually  consisted  of  inseparable  mixtures  or  solutions 
of  amorphous  or  colloidal  bodies  which  almost  preclude  further 
analysis.  Incidentally,  however,  a  good  deal  of  valuable  general 
information  has  accrued  as  the  result  of  such  experiments. 

In  1891-2  Friswell  ^  pointed  out  that  by  treating  coals  with 
dilute  nitric  acid  some  portions  thereof  may  be  converted  into 
lustrous  black  and  brittle  substances,  insoluble  in  water  but 

*  Proc,  Chem.  Soc,  1 891-2,  p.  9. 
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'^v  forming  dark  solutions. 

' '^  precipitation  of 
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-  75  >>  3'3 
••■^•0  „  32-5 
53    n    4-8 
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t*  ubtained  from  both  caking  and  non- 

II  of  nitric  acid  was  exothermic  and 

it  amounting  to  between  10  and  23  per 

.1.'  coal  taken.*  The  fact  that  a  preliminary 

'.  Miious  constituent  by  heating  the  coal  to 

.ii  of  carbon  dioxide  did  not  materially  affect 

uie  nitric  acid,  or  the  character  of  the  resulting 

lucis,  proved  that  those  "  coal  acids  "  are  derived 

iio^ic  or  proteid  constituent,  or  more  probably  from 

tliat  the  constant  presence  of  sulphur  therein  is  a 

'  proof  of   the  existence  of   "  organic "  sulphur  in 

'   has  shown  that  a  mixture  of  monohydrated  sulphuric 

ric  acids  will  dissolve  lignites  as  well  as  bituminous  coals, 

rise  to  acidic  oxidation  products  which  he  termed  *'  ulmic  " 

Also  Boudouard*  has  stated  that  in  his  experiments 

♦nospheric  oxidation  at  100**  produced  "humic"  acids  which, 

.'.-r  extraction  by  means  of  potassium  hydroxide  solution  and 

nbbequent   reprecipitation   and    purification,    gave    anal5^cal 

results  corresponding  to  one  or  other  of  the  formulae  Ci^VL^a^^, 

^igWisOs*  or  C18H14O11.    He  also  observed  that  the  invariable 

effect  of  such  atmospheric  oxidation  is  to  destroy  completely 

the  coking  properties  of  a  coal,  and  to  increase  the  proportion 

of  **  volatiles  "  expelled  from  it  on  carbonisation. 

^  Joum.  Soc.  Chem,  Ind.,  1898,  p.  1013. 
'  Proc.  Glasgow  Phil,  Soc,  28*  pp.  72  to  96. 

*  Compt,  rend.r  1908,  147»  986,  and  BidL  de  la  Soc,  Chim.,  5  (Series  4) 
378  (1909). 
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In  1912  Donath  and  Braunlich,*  having  previously  investi- 
gated the  action  of  dilute  nitric  acid  upon  coals,  extended  their 
work  to  a  study  of  the  products  obtained  by  repeated  fusions  of 
the  coal  substance  with  alkaline  hydroxide  (e.  g.  KOH)  at  250° 
and  subsequent  extraction  with  water.  Brown  coal,  charcoal, 
and  carbonised  organic  materials  generally  were  found  to  give 
dark  brown  solutions,  whilst  those  given  by  bituminous  coals, 
coke,  and  graphite  were  colourless.  Brown  coals  were  almost 
completely  converted  into  humic  acids  which  could  be  separated 
into  two  fractions,  one  of  which  (i)  was  completely  soluble  in 
concentrated  alkali,  whilst  the  other  (2)  required  the  alkali  to  be 
very  dilute.  After  precipitation  from  their  respective  alkaline 
solutions  by  acid  a  further  difference  was  found  between  the  two 
fractions  in  that  (i)  was  completely  soluble,  and  (2)  insoluble 
in  a  10  per  cent,  solution  of  ammonium  carbonate.  Fraction 
(i)  contained,  besides  oxalic  acid,  a  crystalline  substance  which 
gave  a  red  coloration  with  ferric  chloride,  and  a  fatty  acid. 
It  was  also  found  that  a  mixture  of  equal  volumes  of  concen- 
trated nitric  and  sulphuric  acid  reacts  violently  with  brown  coals 
and  wood,  but  only  slowly  with  true  coals. 

Similar  results  to  the  above  have  been  obtained  in  the  author's 
laboratory  by  the  potash  fusion  method,  but  it  is  extraordinarily 
difficult  to  separate  any  pure  substance  from  the  resulting  com- 
plex mixture  of  acid  products.  In  one  experiment,  however, 
a  small  quantity  of  a  crystalline  acid,  melting  at  149°,  and 
possessing  other  similar  properties  to  those  of  adipic  acid, 
CO(H'(CHj)4-C02H  was  obtained.  A  mixture  of  this  acid  with 
an  equal  quantity  of  pure  synthetic  adipic  acid  melted  also 
sharply  at  149°,  so  that  the  identity  of  the  two  was  thus 
satisfactorily  estabUshed. 

With  regard  to  the  action  of  halogens,  it  has  long  been  known 
that  bitiuninous  coals  react  with  bromine  in  the  coal,  as  though 
they  contain  "  unsaturated  "  or  cyclic  groups.  In  this  connec- 
tion it  is  interesting  to  note  that  in  1901  Fischer  of  Gottingen 
found  that  coals  which  are  most  liable  to  rapid  oxidation  and 
spontaneous  ignition  are  also  those  which  absorb  bromine  most 
readily,*  a  subject  which  will  be  again  referred  to  in  Chapter  IX 
when  the  spontaneous  oxidation  of  coal  is  considered.  A  research 
is  in  progress  in  the  author's  laboratory  upon  the  absorption 
of  bromine  by  coals,  the  result  of  which  has  shown  that  the 
halogen  acts  upon  bituminous  coals  in  the  cold  possibly  by 

CJitm.  ZtU.,  11(12,  36.  p.  373.  •  Gas  World,  April  13,  1901. 
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m  "  and  "  adsorption." 
V  after  twenty-four  hours, 
Iro^T-n  bromide  is  evolved. 
u  ^  t  iiily  published  a  paper  ^  in 
'  u  of  coal  extracted  by  pyridine 
Cross  and  Bevan  *  have  shown 
'  by  chlorine  with  the  production 
i     iinilar  to  that  previously  obtained 
•    >.iL,  also  that  the  coal  is  so  profotindly 
l)otassiuni  chlorate  and  dilute  hydro- 
ine    entirely  soluble  in  alkalies.     By 
■1  separation  by  means  of  suitable  organic 
cuetone)  a  series  of  complex  chlorinated 
'  lucts  was  obtained. 
.  work  which  must  be  noticed  in  this  review  is 
I  and  Gluud,  who  have  found  that  by  suspend- 
.  rr  through  which  a  stream  of  ozone  is  passed,  it 
olves,  forming  a  dark  brown  solution  of  a  sub- 
.1  has  the  smell  of  caramel  and  a  pronounced  acid 
i>  slightly  soluble  in  alcohol,  sparingly  so  in  ether, 
»t  insoluble  in  light  petroleimi.    The  investigation  of 
uor  is  being  pursued  further  by  them.* 
action  of  oxygen  upon  coals  will  be  fully  considered  in 
KT  IX  hereof. 
.)  The  Action  of  Solvents, — ^This  method  of  attacking  the  coal 
.«  siion  is,  whenever  appUcable,  undoubtedly  preferable  to  either 
\  the  other  two,  inasmuch  as  it  enables  substances  to  be  extracted 
\N'ith  the  minimal  alteration  to  the  coal  substance.    The  diffi- 
culty is  to  find  solvents  that  will  differentiate  sufficiently  between 
the  main  constituents  of  the  coal  and  extract  a  large  proportion 
of  some  one  of  them,  without  at  the  same  time  having  some 
depol)maerising  or  other  similar  action  upon  the  whole  structure. 
Smythe's  Work, — One  of  the  first  workers  to  employ  the  method 
systematically  was  J.  A.  Smythe,  who  investigated  at  Gottingen 
the  solvent  action  of  benzene,  chloroform,  ethyl  alcohol,  ethyl 
ether,  light  petroleimi,  and  acetone,  in  the  order  named,  upon 
a  brown  coal  from  Briihl  near  Cologne.    Of  these  ethyl  ether 
and  petroleum  ether  were  found  to  have  very  Uttle  effect  upon 
the  coal,  whilst  benzene,  chloroform,  and  alcohol  all  extracted 

^  Joum.  Gasbeleuchtung,  191 5,  68*  p.  515 

«  Phil.  Mag.  5  Sec.  XIII.,  p.  328. 

*  Bfif,  deut,  Chem,  Ges.,  191 6,  48,  X472. 
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quantities  of  resinous  bodies  varying  between  1-8  to  3-0  per  c«nl 
of  the  whole  coal  substance. 

From  the  chloroform  extract  (i-8  per  cent.)  which  was  deep' 
brown  in  colour,  there  was  precipitated  by  the  addition  of 
petroleum  ether  to  its  solution,  a  brown  amorphous  resin,  melting 
at  94"  with  slight  decomposition,  and  having  a  composition 
(C  =  76'45,  H  =  9-91,  0  =  13-64  per  cent.)  approximating  to 
the  formula  CisH,«Oj. 

The  dark  brown  benzene  extract  (3  per  cent.)  could  be  further 
divided  into  two  portions,  the  one  soluble  and  the  other  in- 
soluble in  'ether.  From  the  portion  soluble  in  ether  boiling 
acetone  extracted  a  pale  yellow  amorphous  resin  melting  at  78° 
to  80°.  The  portion  insoluble  in  ether  on  distillation  under  a 
pressure  of  8  m.m.  came  over  between  300°  and  350°  C,  con- 
densing to  an  amber-coloured  liquid  which  set  to  a  light  yellow 
waxy  sohd.  After  purifying  this  by  treatment  with  a  mixture 
of  benzene  and  petroleum  ether,  it  was  finally  obtained  as  a 
perfectly  white  crystalline  solid  melting  at  81°  to  82°,  having  a 
composition  agreeing  with  the  fomiuta  CuHjgO.  The  whole 
scheme  for  the  fractionation  and  purification  of  the  original 
benzene  extract  was  as  follows: — 

Brown  Amorphous  /  Portion  Soluble  u  j 


0^1 


Powder 

Acetone          ■ 

(a)  Soluble  jn 
Ether 

=-    m.p.  i35''toi4o'' 
C..H,.0, 

Pale  Yellow  Solid,  1 
m.p.  78°  to  So=^   ■ 

Benzbne 

V              0=797 

Extract 

(3  per 

Distillbd  under 

cerit!) 

8  m.tn.  Pressure 

(6)  In-soluble 

J,  Amorphous  Powder 

White  Cr>-staUine  Solid 

Ether 

=      m.p.  80°  to  83° 

C„H,.0, 

C=.77  75.H=ii77, 

m.p.  81°  to  82- 

0=18-48  per  cent. 

C  =  79-'8.H  =  i3o4. 
0  =  778 

The  most  notable  feature  of  these  results  is  the  close  resemblance 
between  the  chemical  composition  and  physical  properties  of 
the  end  products  obtained  by  the  purification  of  the  two  fractions 
a  and  b;  they  are  both  resins  melting  at  80°  and  having  a 
composition  conformable  with  the  formula  C^jHjgO. 

The  Aclion  of  Pyridine.— In  1899  P.  P.  Bedson,  in  a  papei 

before  the  North  of  England  Institute  of   Mining  Engineers, 

drew  attention  to  the  fact  that  pyridine  has  a  remarkable  solvent 

action  upon  bituminous  coals,  and  subsequently,  at  his  sugges~  > 

_tion.  P.  Baker  examined  its  action  upon  four  different  ( 
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•  N     ^^x)     a.    South  Wales  Anthracite,  which  was  practically 

rtet.ttia    \:>y  it;   (2)  a  Durham  Gas  Coal  (Hutton  Seam)  from 

•    rti  iio-4   per  cent,  was  extracted;   (3)  a  Durham  Coking  Coal 

*;rock\vell    Seam),  which  yielded  11-5  per  cent;  and  (4)  a  New 

■•aiaiid     Brown    Coal,  which  yielded    5-65   per  cent.    Carrick 

Nndersoii    was  also  informed  of  the  method,  and  used  it  in  his 

researches   upon  the  coals  of  Bengal  and  Japan  in  1902.^    The 

aeiaiis   of    Bedson's  own  work  were  ultimately  embodied  in  a 

paper  read  before  the  Newcastle-on-Tyne  Section  of  the  Society 

ui    Cliemical    Industry  in  1908,"  since  which  time  the  method 

iias  been  extensively  employed  by  other  investigators,  who  have 

considerably  added  to  our  knowledge  of  its  significance. 

As   ori^naUy  introduced  by  Bedson,  the  method  consisted 

essentially  in  submitting  a  weighed  amount  of  the  finely  divided 

coal  to  the  action  of  pyridine  in  a  Soxhlet  extraction  apparatus 

for   several    hours.     From    the  pyridine  solution  so  obtained, 

after  removing  the  greater  portion  of  the  solvent  by  distillation 

under  reduced  pressure,   the  dissolved  matter  was  precipitated 

by  dilute  hydrochloric  acid,  filtered  off,  and  subsequently  washed, 

dried   and   weighed.    The    portion  of  the  coal  undissolved  by 

the  pyridine  was  also  washed  to  free  it  from  any  of  the  retained 

solvent,  and    finally  dried,    and  weighed.    This  treatment  was 

afterwards  modified  by  him  in  the  following  particulars : — (i)  the 

coal  was  ground  so  as    to  pass  through  a  sieve  of  30  meshes 

to   the   linear   inch,  (2)    5    grams  of  it  were  mixed  well  with 

suf&cient  sand  to  make  a  colunm  rising  to  the  top  of  the  syphon 

tube  of  a  Soxhlet  apparatus,  the  mixture  of  coal  and  sand  resting 

in  the  appara*^^  upon  a  layer  of  broken  clay  pipe-stems  and  a 

pad  of  absorbent  wool,  (3)  y^g  extraction  of  the  coal  was  allowed 

to  proceed  for  several  hours  until  it  was  judged  to  be  complete 

1>V  the  absence  of  colour  in  the  pyridine  flowing  through  the 

syphon  tube  of  the  Soxhlet  apparatus,  and  (4)  the  solution  was 

finally    brought  into   an   evaporating  basin  and  the  pyridine 

evaporated  off  in  ^  good  current  of  air;  the  dried  residue  was 

then  broken  up  and  heated  on  the  water  bath  imtil  the  odour  of 

pyridine  had  disappeared. 

The  pyridine  solutions  so  obtained  from  coals  are  dark  brown 
in  colour  with,  sometimes,  a  green  fluorescence,  and  the  propor- 
tion of  the  coal  substance  extracted  ranges  from  practically  zero 
in  the  case  of  anthracites  up  to  between  35  and  40  per  cent,  in 
the  case  of  a  good  gas  coal.    The  extract  remaining  after  the 

X   Journ.  Soc.  Chem.  Ind.,  1902,  p.  241.  «  Ibid.,  1908,  p.  147. 
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solvent  has  been  driven  off  is  a  chocolate  brown  amoqjhous 
solid,  which  on  ignition  decomposes  with  intumescence,  yielding 
a  large  proportion  of  "  volatiles  "  and  a  swollen  residue  of  coke. 
Bedson  published  the  following  particulars  (Table  XXIV)  of 
results  obtained  with  six  different  gas  coals  procured  from  the 
Redhaugh  Gas  Works,  Newcastlensn-Tyne,  with  which  the  actual 
working  results  as  regards  yields  of  gas  and  coke  had  been 
definitely  established  at  the  works. 

TABLE    XXIV 


FROM  Redhaugh 

Gas  Works 

Yidd  Ql  '   '"'™'''- 

«ddi>l 

P„™up™ 

P^^^Dx, 

Too. 

l^^ 

psToo. 

CiDdles. 

1 

^^- 

Votatilt 

PrriiiiiK 

A. 

.1.1(8. 

1663 

13-55 

8-53 

34'0 

31-36 

35-69 

33-86 

WJ 

16-50  . 

1351 

33-59 

34-60 

34-93 

13-73 

31-91 

M-5» 

14-^5 

31-70 

33-t7 

<tH 

16-39 

13-36 

3365 

19-97 

3639 

32-4* 

F. 

lO 

73" 

15-76 

13-29 

I5-" 

30-87 

2»-53 

i3-f8 

^4-43 

I 


The  Manager  of  the  Redhaugh  Gas  Works  (Mr.  Thomas  Hardie)'|l 
described  A  and  B  as  "  good  "  gas  coals,  C  and  D  as  "  medium,'"" 
wliilst  E  and  F  he  regarded  as  being  "  bad  "  ones,  but  from 
Bedson's  experiments  there  was  apparently  no  correlation  be- 
tween the  amounts  of  pyridine  extracts  obtained  from  them 
and  either  their  gas-making  qualities  or  their  yields  of  volatiles. 
As  the  result,  however,  of  investigation  upon  these  and  other 
coals,  including  typical  Durham  coking  varieties,  Bedson  was 
able  to  say  that  "  the  extracts  in  each  case  were  found  to  be  rich 
in  volatile  constituents,  and  in  the  coking  assay  gave  highly 
intumescent  cokes,  whereas  the  residues  left  after  extraction 
were  almost  devoid  of  coking  properties.     In  the  case  of  the 
coking  coal  from  the  Brock-well  Seam,  the  portion  insoluble  in 
pyridine  had  not  completely  lost  the  coking  power,  but  yielded 
a  coke  much  less  bulky  than  that  left  by  the  original  coal."     Also 
that  in  an  examination  of  the  different  parts  of  the  Busty  Seam 
coal  from  Birley,   Co.   Durham,   the  "  bright  coal  "  contained'! 
considerably  more  matter  extractable  by  pyridine  than  the  asso-1 
"'ated  "  dant "  or  "  mother  of  coal,"  for  whereas  the  "  bright! 
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i  lojS  per  cent,  of  extract,  the  "dant"  behaved 

■    (!•  .liiiliracite  and  yielded  only  a  fraction  of  a  per  cent. 

^      \t,.-vlnr  and  his  co-workers*  have  fiirther  examined 

•  tlitiii  which,  if  supplemented  by  a  subsequent  chloroform 

1  lun  of  the  original  pyridine  extract,  they  consider  may  be 

'   iiir  iho  complete  separation  of  the  cellulosic  and  resinic 

■'iiui:ms  of  coal.    The  method  of  extraction  employed  by 

TIT  was  as  follows  : — 

Iho  coal,  ground  to  pass  through  a  sieve  of  94  meshes  to 
■•"■  linear  centimetre,  was  extracted  in  separate  portions  of 
10  grams  (each  contained  in  a.  filter  paper  thimble)  in  a  Soxhlet 
apparatus.  The  fiask  of  each  extraction  apparatus  contained 
about  200  CCS.  of  pure  pyridine  which  was  kept  gently  boil- 
ing on  an  electrically  heated  sand  bath,  overheating  being 
carefully  guarded  against.  Each  10  grams  portion  was  treated 
fur  a  week  continuously,  the  pasty  mess  in  the  thimble  well 
stirred,  and  then  further  extracted  for  a  week  with  fresh 
pyridine. 

When  extraction  was  complete,  the  solution  was  filtered  and 
the  pyridine  distilled  at  60°  under  reduced  pressure,  a  fine  stream 
of  air  being  allowed  to  bubble  through  the  liquid  to  ensure  rapid 
evaporation.  When  most  of  the  pyridine  had  been  removed 
in  this  way,  the  mass  remaining  in  the  distillation  flask  was 
washed  out  on  to  a  clock-glass  by  a  fine  jet  of  warm  pyridine. 
Removal  as  far  as  possible  of  the  last  traces  of  pyridine  was 
effected  by  heating  the  clock-glass  at  a  temperature  of  80°  in  a 
current  of  dry  air,  and,  after  being  ground  to  a  fine  powder,  the 
chocolate-coloured  solid  was  finally  kept  in  a  vacuous  desiccator 
over  strong  sulphuric  acid  to  complete  the  removal  of  pyridine. 
The  residue  of  the  coal,  insoluble  in  pyridine,  was  washed  with 
ether,  and  then  heated  in  a  similar  manner  to  the  dried  extract. 
To  obtain  the  chloroform  extract,  10  grams  of  the  dried 
pyridine  extract  were  treated  in  an  extraction  thimble  in  a 
Soxhlet  apparatus  with  200  ccs.  of  pure  chloroform  for  two 
weeks  on  a  water  bath,  and  the  chloroform  then  distilled  off  in 
a  partial  vacuum.  The  chloroform  extract  and  the  residue  were 
freed  from  chloroform  in  a  manner  similar  to  that  emplo>'Ld  tiy 
freeing  the  pyridine  extract  and  residue  from  pjrridlne. 

The  results  obtained  by  Wheeler  and  Clark  on  subjecting  a 
typical  bituminous  coal  to  the  aforesaid  double  extraction,  by 
I,  p.  649.     Oaik  and 
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which  means  they  claim  to  have  made  "  a  complete,  or  nearly 
complete,  separation  between  the  resinous  constituents  and 
the  degradation  products  of  the  celluloses  of  which  coal  is  con- 
glomerated," are  shown  in  the  following  diagram: — 


% 


Composition 
C  =82«92' 


H  = 

N  = 
S  = 

o  = 


5-58 

1-35 
I 'TO 

8-45J 


^^^5 


Coal 

(VOLATXLBS  s= 

Z6'73  Tptx  cent) 


H  = 

85-331 
7«o8 

N  = 
S  = 

i«7i 

1*32 

4-56  j 

4  -  JN  = 


^=  20 


s^ 


^JSr 


=  i6 


VOLATILBS 

=«  77-33 
per  cent. 


77-32^ 

5*14  IVOLATILBS 
2-07}-     =31.88 

I -2 1 1  per  cent. 
14*26; 


rC  =  8o-8i^ 

H=    5.23 

N  =    2*14 

S  =    1-41 

{O  =  io-4iJ 


VOLATILBS 
=  34-96 

per  cent. 


In  view  of  the  claim  made  by  the  authors  in  question,  it  is  to 
be  regretted  that  they  did  not  investigate,  and  define  more  closely, 
the  physical  properties  of  their  final  products,  and  as  they  stand, 
the  above  results  are  open  to  three  criticisms,  namely  : — (i)  that 
the  sum  total  of  nitrogen  in  their  products  is  nearly  double  that 
in  the  original  coal  treated,  showing  that  some  of  the  solvents 
had  been  retained  by  the  various  fractions,  despite  the  pains 
taken  to  remove  it,  (2)  that  a  product  containing  as  much  as 
171  per  cent,  of  nitrogen  and  1*32  per  cent,  of  sulphur,  as  did 
the  portion  soluble  in  both  p5aidine  and  chloroform,  cannot  be 
regarded  as  a  reasonably  pure  "resinous"  body,  and  (3)  that 
inasmuch  as  the  total  oxygen  in  the  various  fractions  is  about 
1-27  times  that  in  the  original  coal,  there  had  apparently  been 
some  absorption  of  oxygen  during  the  extraction  processes,  no 
precaution  having  been  taken  to  exclude  air. 

From  his  own  experience  of  the  action  of  solvents  upon  coals, 
the  writer  is  inclined  to  think  (i)  that  the  method  described  by 
Wheeler  does  not  effect  qxiite  so  clear  and  complete  a  separation 
of  the  resinic  and  cellulosic  constituents  as  he  supposed,  (2)  that 
in  applying  it  he  did  not  suflftciently  take  into  accoimt  the  nitro- 
genous constituents  of  the  coal,  and  (3)  that  the  non-exclusion 
of  oxygen  in  his  experiments  may  have  appreciably  affected  his 
results. 

Wahl,^  who  examined  the  action  of  p5aidine  upon  a  number 

^  Compt.  rend.,  191 2,  154,  p.  1094. 
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of  continental  coals,  mixed  the  dried  powdered  sample  with  an 
inert  salt  (NaCl,  or  K^SO^)  soluble  in  water  byt  insoluble  in 
pyridine,  and  extracted  the  mixture  in  a  Soxhlet  apparatus  in 
the  usual  manner.  He  subsequently  concentrated  the  filtered 
pyridine  solution  in  a  vacuum,  poured  the  residual  liquid  into 
concentrated  hydrochloric  acid,  and  after  collecting  and  washing 
the  pyridine  extract  in  a  filter,  he  finally  dried  it.  His  results 
(Table  XXV)  confirmed  Bedson's  observations  that  there  is 
no  relation  between  the  weights  of  extractable  matter  and  of 
"  volatiles  "  yielded  by  the  coal  on  ignition.  In  the  cases  of 
coals  which  yielded  a  large  proportion  of  extract,  the  coking 
power  was  not  lost,  but  the  coke  from  the  residue  was  much  more 
compact  than  that  obtained  from  the  original  coal.  On  the 
other  hand,  it  was  stated  that  the  coke  obtained  from  the  extracts 
was  extremely  "  puffy "  (boursoufl^),  and  that  on  mixing  the 
extract  with  the  re»due  the  original  coking  properties  were 
reproduced. 

TABLE  XXV 


1 

i 

'"'SSS'cSl'^ 

J^X^^ 

1 

E«„ct 

Vtdatila. 

'  Bethaoe          Fosse     II    . 

,.      XI 

..      XII 

,  Lens               Fosse     III 

VII 

,.        VIII 

1^^^'  :  : 

29-3 
19-7 
190 
i8-o 
25-9 
trace 
0-43 

I7s 

3509 

41-44 
35-97 

ai-76 
46-49 
55-31 

35-80 

m 

32-24 
14-32 

34-3« 

The  following  comparative  figures  for  the  elementary  composi- 
tions of  the  original  sample,  and  of  the  corresponding  pyridine 
extract  and  residue,  in  the  case  of  the  Bethune  coal  indicate  a 
surprisingly  small  difference  between  them : — 


Original  Coal    .        .     8595      S'SS      irS      0-76      656 

Extract  .        .        .     8555      6-09      1-41      053      642 

Residue  .        .        .     84-66      5-23      _        —         — 

Subsequently  to  the  foregoing  researches,  Harger^  has  found 

1  Jour*.  Soe.  Chem.  Ind.,  1914,  p.  389. 
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that  not  only  the  speed,  but  also  the  practical  limit,  of  the  solvent 
action  attained  when  the  coal  is  extracted  in  a  Soxhlet  apparatus, 
is  greatly  exceeded  when  the  operation  is  carried  out  in  a  sealed 
glass  tube  at  160°  to  180"  C,  under  pressure.  Thus  a  Lancashire 
"Arley"  coal  which  yielded  only  22-5  per  cent,  of  soluble 
extract  by  the  Soxhlet  method  after  14  days,  gave  as  much 
as  40-5  per  cent,  in  a  sealed  tube  after  24  hours,  and. 
moreover,  a  greater  quantity  of  extract  was  obtained  in  the 
sealed  tube  in  24  hours  than  after  months  in  the  Soxhlet 
apparatus.  From  these  facts,  as  well  as  from  the  circum- 
stances that  (as  he  states)  chemical  analyses  of  the  soluble  and 
insoluble  portions  from  the  same  bituminous  coal  show  but 
little  difference  between  their  ultimate  composition  {vide  also 
Wahl),  and  that  all  the  fractions  contain  more  nitrogen  than  does 
the  original  coal  (vide  Wheeler),  he  agreed  that  the  action  of 
pyridine  upon  coal  is  not  a  case  of  ordinary  solution,  but  that 
it  is  essentially  a  depolymerising  one,  a  conclusion  which  seems 
to  be  supported  by  the  work  of  other  investigators. 

From  researches  recently  carried  out  in  the  author's  laboratory, 
the  details  of  which  it  is  hoped  will  be  published  shortly,  it  would 
apf>ear  that  in  order  to  obtain  any  reliable  comparative  results 
with  a  series  of  coals  by  the  Soxhlet  extraction  method,  attention 
must  be  paid  to  the  purity  of  the  pyridine,  and  especially  to  its 
being  anhydrous.  Commercial  pyridine  contains  picolines  and 
lutidines,  which  may  be  oxidised  by  means  of  nitric  or  chromic 
adds  to  the  corresponding  carboxylic  acids  and  so  removed. 
It  also  has  a  strong  affinity  for  water  forming  hydrates,  princi- 
pally CjHjN,  3HgO,  b.p,  95°.  Now  we  have  found  that  the 
presence  of  these  hydrates  diminishes  and  retards  the  action  of 
pyridine  upon  coal,  so  that  it  is  necessary  in  comparative  experi- 
ments not  only  to  use  purified  anhydrous  pyridine,  and  to  dry 
the  coal  before  its  extraction,  but  also  to  exclude  any  subsequent 
entry  of  water  vapour  into  the  apparatus.  Moreover,  we  have 
discovered  that  if,  during  the  extraction  process,  the  contents  of 
the  apparatus  are  exposed  to  an  atmosphere  containing  oxygen, 
the  latter  is  absorbed,  and  not  only  is  the  extraction  thereby 
retarded,  but  various  oxidations  occur  which  affect  the  coal 
substance  to  a  degree  which  varies  with  the  character  of  the  coal 
affected,  some  coals  being  much  more  susceptible  than  others 
to  such  change.  Hence,  in  order  to  get  really  comparable  figures 
with  different  coals,  we  have  found  it  necessary  to  carry  out  the 
Soxhlet  extraction  in  an   inert  atmosphere  of  nitrogen,  and  in 
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subsequently  concentratii^  or  treating  the  resulting  solution  to 
avoid  as  much  as  possible  any  contact  with  air.  The  unre- 
stricted access  of  air  in  both  Bedson  and  Wheeler's  experiments 
may,  we  think,  have  appreciably  affected  their  results. 

Various  general  observations  made  during  the  course  of  the 
researches  referred  to  in  the  previous  paragraph  indicate  that, 
besides  any  ordinary  solvent  action  which  pyridine  may  have 
upon  the  resinic  constituents,  which  is  probably  fairly  rapid, 
it  also  at  the  same  time  slowly  attacks  and  resolves  into  simpler 
molecular  aggregates  the  complex  structure  of  the  coal  substance 
as  a  whole.  Or,  to  suggest  an  analogy  which  in  the  circum- 
stances seems  permissible,  if  the  coal  substance  be  regarded  as 
a  structure  built  of  bricks  and  mortar,  witk^arious  other  materials 
incoiporated  therewith,  the  action  of  pyridine  may  perhaps  be 
likened  to  that  of  an  agent  which  gradually  loosens  the  brickwork, 
at  the  same  time  removing  preferentially  (but  not  exclusively) 
the  mortar  as  the  structure  is  unbuilt. 

It  has  also  been  discovered  in  the  author's  laboratory  that 
the  resinic  constituents  may  be  removed  from  a  bituminous  coal 
and  obtained  in  a  purified  state,  free  from  nitrogen  and  sulphur 
compounds,  by  subjecting  it  to  the  action  of  a  boiling  mixture 
of  equal  parts  of  amyl  alcohol  and  pyridine  under  suitable 
conditions  with  exclusion  of  air.  Details  of  the  method  will 
shortly  be  pubhshed  elsewhere,  but  by  boiling  i  kilogram  of  a 
York^re  coal  with  2  Utres  of  the  mixture  of  amyl  alcohol  and 
pyridine  for  two  days,  and  subsequently  purifying  the  crude 
resinous  extract,  a  pure  non-nitrogenous  resene  substance  has 
been  isolated.  It  melted  at  42°  C.  and  had  the  following 
elementary  composition : — 

C  =  81-92    H  =  950    O  =  8-58  per  cent. 

A  further  development  of  this  method  promises  well  to  become 
a  general  one  for  the  isolation  and  separation  of  the  resinic 
constituents  from  coals,  uncontaminated  with  the  cellulosic  or 
proteid  degradation  products,  and  it  is  hoped  that  it  may 
facilitate  the  detailed  study  of  the  chemical  nature  of  the  resinic 
constituents  in  coals  from  different  fields  and  seams. 

The  Action  of  other  "  Basic  "  Solvents. — Among  other  organic 
bases  which  are  known  to  have  a  similar  "  solvent "  action  upon 
the  coal  to  pyridine  should  be  mentioned  aniline  (b.p.  184°)  and 
quinoline  {b.p.  238°),  both  of  which  have  been  investigated  in 
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this  connection  by  Vignon.^  In  the  case  of  aniline  he  boiled 
loo  grams  of  the  powdered  coal  with  500  grams  of  the  solvent 
in  a  litre  flask  for  4  hours  at  180°.  The  liquid  was  then  filtered 
under  reduced  pressure,  and  the  extract  was  precipitated  by  the 
gradual  addition  of  sufficient  hydrochloric  acid  to  the  cold  filtrate. 
Vignon  found  that  the  degree  of  solvent  action  varies  consider- 
ably according  to  the  nature  of  the  coal,  being  greatest  with  a 
rich  gas  coal,  and  that  the  method  offers  a  ready  means  of  dis- 
tinguishing between  "  fat "  and  "  lean  "  coals  in  this  connection, 
as  the  following  figures  indicate : — 

Percentages  of  the 

Dry  Ashless  Coal. 

Extracted. 

(i)  Rich  Gas  Coal  {grasse  i  gaz)   .         .         .     26-8 

(2)  Medium  Coal  (demi-grasse)      .         .         .7-2 

(3)  Lean  Coal  {maigre)        .         .         .         .       i-S 

Analyses  of  one  of  the  coals,  and  of  the  "  extract "  obtained  from 
it,  gave  the  following  figures,  showing  that  the  extract,  like  those 
obtained  by  Bedson,  Wheeler  and  others  by  the  action  of 
pyridine  upon  coals,  contains  notable  quantities  of  both  nitrogen 
and  sulphur. 

C.        H.       N. 

Original  Coal     81-5      4-9    17 
Extract  8350    5-6    1-37 

The  "  coke "  yielded  by  the  "  extract "  was  swollen  and 
agglomerated,  whilst  that  from  the  insoluble  residue  was  powdery. 
The  solvent  action  of  quinoline  at  its  boiling  point  (238°) 
upon  coals  was  found  to  be  almost  three  times  as  great  as  that 
of  pyridine  (b.p.  114*5°),  and  nearly  twice  as  great  as  that  of 
aniline  (b.p.  184°)  under  similar  conditions  (see  below),  from 
which  it  would  appear  as  though  the  action  of  these  "  basic  " 
solvents  is  primarily  a  question  of  temperature,  which  again 
suggests  an  "  unbuilding  "  of  the  coal  structure. 

Solvent  B  P       Percentage  extracted 

^^^^^^'  ^•^-       from  Rich  Gas  Coal. 

Pyridine      ....     114-5°  17-3 

Aniline        ....     184**  26-8 

Quinoline    ....     238**  47-3 

Th^  Action  of  PhenoL — ^Two  American  investigators.  Parr  and 

^  Compt,  rend.,  1914,  158,  p.  1421. 

94 


s. 

Ash. 

Coke. 

I-I 

31 

72  05  per 

cent. 

1-05 

0-46 

69-69  „ 

»* 

THE  CHEMICAL  COMPOSITION  OF  COAL 

Hadley,^  have  recently  found  that  considerable  proportions  of 
the  coal  substance  may  be  extracted  by  heating  it  with  phenol 
at  100^  for  20  hours  in  an  atmosphere  of  carbon  dioxide. 
As  much  as  35  to  40  per  cent,  was  extracted  from  coals  having 
"  high  volatile  contents,"  and  between  20  to  30  per  cent,  from 
those  whose  *'  volatile  contents "  were  low.  In  all  cases  the 
insoluble  "  residues "  were  non-caking,  the  "  extracts "  con- 
tained the  "  coking  "  constituents  and  gave  the  larger  yield  of 
"  volatile  "  than  the  original  coal,  and  both  the  "  residues  "  and 
the  "  extracts  "  absorbed  oxygen  at  the  ordinary  temperature. 

The  Work  of  F.  Fischer  and  W.  Gluud  upon  the  Extraction  of 
Coals  by  Benzene  under  High  Pressure. — ^If,  as  seems  probable, 
while  such  agents  as  p3aidine,  aniline,  quinoline,  and  phenol  may 
extract  much  more  from  coal  than  do  more  neutral  solvents, 
their  action  involves  some  radical  changes,  or  unbuilding  of  the 
coal  substance  itself,  and  therefore  does  not  discriminate  between 
its  various  constituents  as  sharply  as  an  extraction  method 
ought  to  do,  chemists  will  be  compelled  to  devise  means  for 
accelerating  and  improving  the  action  of  such  other  solvents 
as  benzene,  toluene,  alcohol  and  chloroform,  which  presumably 
extract  the  more  soluble  constituents  in  the  form  in  which 
they  actually  exist  in  the  coal  substance  without  causing  any 
fundamental  chemical  change  in  it. 

With  this  end  in  view,  F.  Fischer  and  W.  Gluud  of  the  Kaiser 
Wilhelm  Institute  for  Coal  Investigations  in  BerUn  have  recently 
studied  the  action  of  benzene  upon  coals  at  temperatures  and 
pressures  approximating  to  the  critical  constants  of  the  solvents 
(about  288**  C.  and  50  atmospheres),  with  most  interesting 
results. 

The  extractions  were  carried  out  in  a  steel  bomb  (62  cm.  long 
and  12  cm.  internal  diameter  with  walls  2  cm.  thick)  capable 
of  withstanding  a  pressure  of  200  atmospheres.  Each  charge 
of  coal  (i  to  2  kilos,  broken  to  the  size  of  hazel  nuts)  was 
suspended  in  a  wire  gauze  basket  within  the  bomb,  so  as  to 
prevent  any  contact  with  the  walls  thereof,  and  extracted  with 
from  3  to  3 J  litres  of*  benzene,  heat  being  applied  to  the  bomb 
externally  by  means  of  a  powerful  triple  burner  surrounded 
by  a  sheet-iron  cylinder  to  concentrate  the  heat  as  far  as 
possible.  The  temperature  was  raised  to  275°  C,  correspond- 
ing to  a  pressure  of  about  55  atmospheres,  and  maintained 
at  that  degree  for  an  hour,  after  which  the  heat  was  cut  off 

^  Joum.  Soc,  Chem,  Ind,,  1915*  p*  213. 

95 


} 


COAL  AND  ITS  SCIENTIFIC    USES  ^M 

and  the  bomb  allowed  to  cool  slowly.  Each  sample  of  coal 
was  repeatedly  extracted  in  this  manner.  Finally  the  resulting 
benzene  solutions,  which  had  a  strong  green  fluorescence  in 
reflected  light,  and  a  dark  port-wine  colour  when  viewed  in  thin 
layers  by  transmitted  light,  were  distilled  on  the  water  bath 
(under  pressure  of  200  m.m,  at  the  finish)  and  the  residual  extract 
weighed. 

The  foUowing  particulars  of  an  experiment  with  an  Osterfield 
bituminous  coal,  which  on  repeated  extraction  at  atmospheric 
pressure  by  means  of  boihng  benzene  (80°  C.)  in  a  reflux  apparatus 
had  yielded  only  o-i  per  cent,  of  its  weight  to  the  solvent,  will 
indicate  bow  extraordinarily  effective  was  the  change  to  a 
temperature  of  275°  and  a  pressure  of  53  atmospheres  in 
promoting  the  solvent  action : — 

Quantity  ol  Coal  talcea  =  1300  grams.  Solvent  uaed  =  3-5  litres. 

Weight  ofl  ist  Extrn.     ind  Extra.     3rd  Extro,      4th  Extra.     5th  Extra. 

Extract  /40  grains.      xz  grams.      ii'5  grams.       8  grams.       5-5  grams. 

Total  extract  =  87  grams.  =  6'7  per  cent,  of  the  Coal  taken. 

There  was  no  liberation  of  gas  on  opening  the  cooled  bomb  after 
each  extraction,  from  which  the  investigators  concluded  that  the 
temperature  had  not  been  high  enough  during  the  experiment  to 
cause  even  incipient  decomposition  of  the  coal,  which,  according 
to  Wheeler,  begins  at  270°  C,  The  residual  extracted  coal  had 
not  materially  altered  in  appearance,  although  it  had  lost  some 
of  its  lustre  and  internal  cohesion.  The  viscosity  of  the  succes- 
sive extracts  increased  as  the  process  was  continued,  and  on 
pouring  the  united  extracts,  mixed  with  sufficient  benzene  to 
make  them  flow  easily,  into  500  c,c.  of  petroleum  ether,  45 
grams  of  a  brown  powder  separated  out.  On  heating  this 
powder  it  softened  at  140°  and  melted  at  about  150°.  From 
this  description  of  its  properties  it  was  presumably  resinic  in 
character,  though  this  surmise  needs  to  be  confirmed  by  further 
investigation.  From  the  fX)rtion  remaining  in  solution  in  the 
petroleum  ether  there  was  recovered  on  evaporation  about 
J2  grams  of  a  viscous  reddish  yellow  fatty  oil. 

In  another  experiment,  in  which  i  Idlo  of  a  Weban  Brown 
Coal  was  subjected  to  three  successive  extractions  in  the 
bomb  with  3  htres  of  benzene  at  a  temperature  of  260°  and 
a  pressure  of  60  atmospheres,  no  less  than  251  grams  of  "ex- 
tract "  was  obtained,  although  the  fact  that  a  considerable 
amount  of  gas,  smelling  strongly  of  sulphuretted  hydrogen,  was 
liberated  on  opening  the  bomb  suggests  that  incipient  chemical 
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decomposition  had  occurred  during  the  extraction  process.  In 
a  third  experiment,  1820  grains  of  a  Webofen  Cannel  Coal,  on 
being  subjected  to  a  similar  triple  extraction  with  3-5  litres  of 
benzene,  yielded  altogether  3  per  cent,  of  its  weight  of  extract 
against  only  i-i  per  cent,  when  extracted  with  the  boiling  solvent 
at  atmospheric  pressure  in  a  reflux  apparatus. 

As  the  result  of  this  investigation  the  method  of  extraction 
with  benzene  and  other  similar  solvents  has  undoubtedly  acquired 
a  greater  scientific,  and  possibly  even  technical,  importance 
than  it  had  attained  hitherto,  although  it  is  too  soon  yet  to  say 
how  far  it  will  advance  the  solution  of  the  problem  of  the  chemical 
constitution  of  coal.  Much  will  depend  upon  whether  or  not 
further  investigation  will  warrant  the  underlying  assumption 
that  the  employment  of  temperatures  as  high  as  250°  to  260°  C. 
with  what  are  usually  regarded  as  "  neutral  "  solvents  does  not 
involve  any  material  alteration  of  the  coal  substance,  a  point  of 
cardinal  importance  in  connection  with  the  interpretation  of  all 
such  work.i 

The  Work  of  Pictet,  Ramseyer  and  Kaiser.— The  only  other 
recent  work  that  throws  much  light  on  this  aspect  of  the  subject 
is  that  of  Pictet,  Ramseyer  and  Kaiser,*  who,  after  studying  the 
nature  of  the  tars  obtained  by  the  distillation  of  bituminous 
coals  under  reduced  pressure  ("  vacuum  tars  "),  applied  them- 
selves to  determine  whether  or  not  the  constituent  of  such  tars 
{chiefly  cyclic  hydroaromatic  hydrocarbons  C^H^,  ranging 
from  Cfii,  to  CuH,,  inclusive,  and  a  crystalline  CuH(o)  exist 
as  such  in  the  original  coal. 

They  accordingly  proceeded  to  extract  5J  tons  {say  5500 
kilos)  of  Montrambert  coal  with  boiUng  benzene  in  reflux, 
apparatuses  for  4  days,  and  on  subsequently  concentrating 
the  resulting  solution  by  distillation  to  20  litres  and  adding 
100  litres  of  light  petroleum  thereto,  27  kilos  of  an  amor- 
phous brown  powder  was  precipitated,  whilst  the  remaining 
solution  yielded  on  evaporation  of  the  solvent  io-6  kilos  of  a 
liquid  resembling  "  vacuum  tar."  Subsequent  fractional  dis- 
tillation of  it  gave  the  following  hydrocarbons: — 

Dihydrololuene  C7HJ0,  Dihydrometaxylene  C,Hu,  Dihydrome- 
sUylene  C,Hn,  also  CuHi,,  C^Hi^  CuH„  {?  solid),  Dihvdro- 
fluorme.    C,H„,    C,Hi„  -CioHm,   C„Hm,   CuH,,,    CjaH,,,    and 

*  Since  thia  paragraph  wasnritteD,  Dr.  Wheeler haa informed  the  author 
that  he  has  recently  found  evidences  of  decomposition  in  certain  coals  at 
temperatures  even  aa  low  aa  iSo"  C. 

■  See  also  the  Gat  World,  Jan.  13,  1917. 
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C,^^  Of  these  the  Ci^H^,  C^JBl^,  CjsHgg,  and  C^Jd^  were 
identified  with  those  found  in  vacuum  tar,  which  in  their  tiun 
were  the  same  as  those  found  by  Habery  in  Canadian  petroleum. 
Hence  the  French  investigators  concluded  that  such  hydro- 
carbons actually  exbt  in  coal,  which  they  regard  as  a  solid 
hydrocarbonaceous  material  impregnated  with  a  liquid  chemically 
very  nearly  resembling  petroleum.  It  must,  however,  be  remem- 
bered that,  whilst  the  products  obtained  by  the  Frenchmen 
resemble  those  got  by  Fischer  and  Gluud,  their  yields  were 
many  times  smaller,  namely  about  0-25  per  cent,  of  the  coal  sub- 
stance as  against  up  to  6-7  per  cent,  in  the  German  experiments. 
Moreover,  whilst  doubtless  there  are  grounds  for  believing  that 
the  coal  substance  may  be  in  some  cases  impregnated  with 
petroleum  hydrocarbons,  it  is  hardly  safe  to  base  a  general  con- 
clusion respecting  the  nature  of  coal  upon  the  finding  of  only 
0*25  per  cent,  of  them  in  a  particular  sample. 
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CHAPTER  VII 

THE  CHEUICAL  COMPOSITION   OF  COAL  (contd.) 


An  accurate  knowledge  of  how  each  of  the  main  types  of  the 
constituents  of  the  coal  substance  behaves  when  subjected  to  dry 
distillation  at  various  definite  temperatures,  including  a  complete 
analysis  of  all  the  products  (solid,  liquid,  and  gaseous)  obtainable 
at  each  temperature,  would  be  of  the  greatest  value,  not  only 
immediately  to  the  technologist,  but  also  as  a  means  of  eluci- 
dating the  purely  chemical  aspects  of  the  nature  of  coal.  In 
the  present  chapter  the  question  will  be  considered  primarily 
from  the  latter  pomt  of  view. 

Owing  very  largely  to  the  fact  that  for  more  than  a  century 
coal  has  been  carbonised  on  a  large  scale,  formerly  at  red  heat 
{say  700°  to  850°  C.)  in  cast-iron  retorts,  and  latterly  at  high 
temperatures  {900°  to  1100°  C.)  in  fireclay  retorts,  for  the  manu- 
facture of  towns  gas  ("  coal  gas  "},  and  thanks  also  to  the  fact 
that  within  the  past  twenty  years  the  manufacture  of  metallur- 
gical coke  by  carbonising  "  coking  coals  "  in  ovens  at  temper- 
atures above  1000°  C.  has  become  associated  with  by-product 
recovery  systems,  which  lend  themselves  to  scientific  investiga- 
tion and  control,  much  knowledge  has  accumulated  concerning 
the  nature  and  yields  of  "  high  temperature  "  distillation  products 
from  different  classes  of  coals.  TTiese  include  (i)  coke  which  is 
essentially  carbon  plus  the  ash  of  the  coal,  (2)  benzenoid  and 
phenolic  tars  and  hard  pitch,  (3}  ammoniacal  liquor,  and  (4)  from 
10,000  to  12,000  cub.  ft.  of  gas  per  ton  of  coal,  the  net  calorific 
value  of  which  may  be  anything  between,  say,  500  and  550 
B.T,Us.  per  cub.  ft  at  0°  C.  and  760  m.m.  pressure.  The  principal 
constituents  of  such  a  "  coal  gas  "  are  hydrogen  {45  to  55  per 
cent.),  methane  (30  to  35  per  cent.),  with,  invariably,  smaller 
proportions  of  etbylenic  hydrocarbons  C„H^  of  an  average  com- 
position probably  approximating  to  that  of  propylene  (f  " 
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benzene  {Cfi^),  carbon  monoxide  (CO),  carbon  dioxide  (CO^), 
and  nitrogen  (N^.  But  the  mere  obtaining  of  such  products, 
and  the  known  variations  (both  qualitative  and  quantitative) 
in  them,  according  to  the  nature  of  the  coal  carbonised  and 
also  to  the  temperature  and  other  conditions  to  which  it  is 
subjected,  although  of  great  economic  importance,  do  not  help 
us  very  far  in  unravelling  the  chemistry  of  the  coal  substance, 
because  they  represent,  not  the  primary  products  of  its  initial 
decomposition  by  heat,  but  the  end  result  of  a  complex  series 
of  secondary  decompositions  and  interactions  of  the  primary 
products.  It  is,  therefore,  chiefly  upon  the  study  of  the  decom- 
position of  the  coal  substance  at  low  temperatures  that  we  must 
base  any  conclusion  as  to  its  nature. 

Owing  to  the  fact  that  the  low  temperature  distillation  of  coal 
(at  from,  say,  400°  to  600**  C.)  has  the  effect  of  decomposing  the 
smoke-producing  part  of  the  coal  substance  and  yielding  (i)  in 
the  case  of  suitable  classes  of  caking  coals,  a  porous  "  semi-coke  " 
which  is  smokeless  in  its  combustion,  (2)  certain  quantities  of 
"  fuel  oils  "  and  "  motor  spirit,"  and  (3)  a  comparatively  small 
proportion'of  rich  gas,  containing  chiefly  methane,  ethane,  together 
with  ethylenic  hydrocarbons,  CbHjb*  hydrogen  (5  to  15  per  cent.), 
and  oxides  of  carbon,  high  expectations  of  its  future  commercial 
possibilities  have  been  raised  in  some  quarters.  But  the  matter 
is  still  so  much  in  the  early  stages  of  its  technical  development 
that  the  author  wishes  it  to  be  understood  that  he  is  now  con- 
cerned solely  with  its  scientific  aspects  without  in  any  way  commit- 
ting himself  to  any  view  or  opinion  about  its  commercial  prospects- 

Among  recent  researches  upon  the  thermal  decomposition  of 
coal,  those  of  M.  J.  Burgess  and  R.  V.  Wheeler  ^  are  perhaps  of 
first  importance  inasmuch  as  they  deal  in  great  detail  with  the 
volumes  and  composition  of  the  gases  evolved  when  t3rpical 
coals  are  maintained  at  progressively  increasing  temperatures 
up  to  iioo''  C. 

In  their  experiments  200  grams  of  a  powdered  South  Yorks. 
(Altof ts)  Silkstone  bituminous  coal  were  maintained  in  a  vacuum 
(20  m.m.)  successively  at  temperatures  of  100*,  200®,  300®,  350®, 
400**,  and  450**  C.  for  a  sufficient  time  to  allow  of  equilibrium 
being  established  in  the  system  at  each  successive  stage  in  the 
heating  operations.    The  various  gases  and  condensable  products 

»  Joufn,  Chem,  Soc,,  19x0,  »7.  1917;    ^^9",  99,  649;    19x4,  105,   X31; 
vid$  also  A.  H.  Clark  and  R.  V.  Wheeler,  ibid,  19x3. 108,  1704. 
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evolved  between  each  successive  temperature  stage  were  separ- 
ately collected  for  subsequent  examination.  The  apparatus  was 
airanged  as  shown  in  Figs,  ya  and  yb}  and  each  experiment 
extended  over  4  to  8  weeks  continuously. 

The  principal  facts  established  during  the  experiments,  the 
results  of  which  are  summarised  in  Table  XXVI,  were  (i)  that 


Fio.  lb. — Platinum  Retort  used  by  Burgess  and  Wheeler. 

"  occluded  "  or  "  condensed  "  gases,  mainly  the  higher  parafim 
hydrocarbons,  continue  to  be  evolved  in  small  quantities  up  to 
150°  or  even  200°  C,  {2)  that  at  about  aoo°  there  is  a  copious 
evolution  of  water  ("water  of  constitution")  which  continues 
light  up  to,  and  probably  beyond,  450°,  (3)  that  bitweeii  270°  and 
300°  sulphuretted  hydrogen  is  freely  evolved,  w]iii:h  circumstance 
the  authors  in  question  ascribed  to  the  decomposition  of  organic 
sulphur  compounds:  this  evolution  practicall>'  ceases  at  300°, 
uithoi  by  "^  "  '^. 
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and,  simultaneously,  olefines  higher  than  ethylene  make  their 
appearance,  until,  at  350°  or  thereabouts,  they  either  fall  o£E  or 
di^ppear,  (4)  that  liquids  other  than  water  begin  to  distil  over 
as  a  reddish-brown  oil  at  310°,  but  inasmuch  as  its  appearance 
is  nnaccompanied  by  any  marked  evolution  of  gas  the  authors 
regard  it  as  being  "  liquated "  out  of  the  coal  conglomerate 
rather  than  as  a  decomposition  product  of  the  coal  substance 
{vide  Pictet,  Ramseyer  and  Kaiser,  p.  97),  (5)  that  a  critical 
decomposition  point  is  reached  at  about  350°,  which  is  marked  by 
a  rapid  increase  in  the  gas  evolution  and  the  appearance  of  much 
viscous  oil,  (6)  that  the  gaseous  hydrocarbons  evolved  up  to  450° 
consist  of  methane,  ethane,  propane,  butane,  and  even  pentane, 
as  well  as  of  ethylene  and  higher  olefines,  and  (7)  that  neither 
benzene  nor  its  homolo^es  could  be  detected  in  the  condensable 
liquid  products,  and  the  authors  regard  their  formation  at  such 
low  temperatures  as  extremely  doubtful. 

The  foregoing  experiments,  having  established  a  temperature 
of  circa  350°  C.  as  the  point  at  which  the  decomposition  of  the 
coal  substance  begins,  led  the  authors  in  question  to  investigate 
in  detail  (i)  the  ratio  of  gas  evolution,  (2)  the  total  volume  of  gas 
and  its  composition,  and  (3)  the  amounts  of  tar  jielded  by  the 
following  four  representative  British  coals  at  various  constant 
temperatures  between  450°  and  1000°  C. 

TABLE  XXVII 


Coal. 

A.         j         B. 

C. 

■>• 

Origin 

Altofts  (S. 
Yorks 
Silkstone 

Anthracitic 
Pontybcren 

AbertiUey 

P«  cent  Ash 
Content 

5-31 

3"9 

7*3 

3-3 

Percentam    (C  . 

of  the  Dry    -  N  . 
Aahlera             S  . 
Coal                [O. 

343 

2-93 
g.70 

92-«6 
3-14 
0-99 

85-7^ 
4-93 
I-09 

0-92 

7-34 

907« 
4-i3 

IT. 

An  intimate  mixture  of  2  grams  of  the  dried  sample,  pulverised 

so  as  to  pass  a  sieve  of  240  meshes  to  the  linear  inch,  with  3  grams 

of  fine  white  sand,  which  had  been  previously  ignited,  were  heated 

in  a  small  tubular  platinimi  retort  (21-5  cm.  long  and  1-7  (^ni. 
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internal  diameter),  the  open  end  of  which  was  silver-soldered  into 
a  gun-metal  collar  through  which  connection  was  made  with  (i)  a 
weighed  platinum  "  tar  scrubber  "  packed  with  ignited  asbestos* 
and  (2)  a  graduated  glass  gas-holder  (capacity  =  2  litres),  a  mer- 
curial pressure  gauge  being  inserted  in  the  system  between  (i)  and 
(2).  The  retort  was  heated  electrically  in  a  platinum-wound  resist- 
ance furnace  (the  temperature  of  which  was  measured  by  a 
platiniun  and  platinum-rhodiiun  thermojunction)  for  a  period  of 
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FiG.  8. — Gaseous  Products  of  Distillation  of  Coal  A  at  Different 

Temperatures. 

time  (2  hours)  sufficient  for  the  decomposition  to  be  completed 
at  the  particular  temperature  selected.  It  was  ascertained  that 
the  coal  attained  the  temperature  of  the  furnace  within  about 
2  minutes  after  the  conunencement  of  each  experiment. 

As  the  main  interest  of  the  experiments  centres  on  the  volumes 
of  each  of  the  principal  gaseous  products  obtained  at  the  various 
experimental  temperatures,  it  will  be  sufficient  for  our  purpose 
to  reproduce  from  the  original  paper  the  following  curves  (Figs.  8, 
9,  and  10)  setting  forth  these  data  for  the  aforesaid  coals  A,  B, 
and  D.^    The  reader  is  referred  to  the  memoir  for  other  details. 

^  The  author  is  indebted  to  Dr.  R.  V.  Wheeler  and  the  Council  of  the 
Chemical  Society  for  their  kind  permission  to  reproduce  these  curves. 

104 


THE  CHEMICAL   COMPOSITION  OF  COAL 

The  principal  facts  established  by  this  part  of  the  investigation 
were  (i)  that  with  all  coals,  whether  bituminous,  semi-bituminous, 
or  anthracitic,  there  is  a  well-defined  temperature  between  700° 
and  800°,  which  corresponds  with  a  marked  and  rapid  increase 
in  the  quantity  of  hydrogen  evolved;  {2)  that  with  bituminous 
coals  such  increase  in  the  quantity  of  hydrogen  evolved  falls 
ofi  at  temperatures  above  900°,  but  with  anthracitic  coals  it  is 
maintained  up  to  1100°;  (3)  that  the  evolution  of  hydrocarbons 
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of  the  paraffin  series  ceases  almost  entirely  at  temperatures  above 
700°;  (4)  that  ethane,  propane,  butane,  and  probably  higher 
members  of  the  paraffin  series  form  a  lai^e  percentage  of  the  gases 
evolved  at  temperatures  below  450° ;  and  {5)  that  the  rate  at  which 
carbon  monoxide  is  evolved  is  uniform  throughout  a  distillation 
at  any  one  temperature,  and  is  maintained  right  up  to  the  end, 
whibt  the  rates  in  the  case  of  the  other  gases  fall  off,  moreover, 
this  CO-rate  increases  with  the  temperature. 

From  the  above  facts  Burgess  and  Wheeler  argued  (i)  that  coal 

contains  two  types  of  compounds  of  different  degrees  of  ease  of 

decompo^tion ;   the  one,  the  least  stable,  yielding  the  parafhn 
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hydrocarbons  and  no  hydrogen;  the  other  decompo^ng  wth 
greater  difficulty  and  yielding  hydrogen  alone  (or  possibly  hydro- 
gen and  the  oxides  of  carbon)  as  its  decomposition  products; 
(2)  that  very  probably  the  difference  between  one  coal  and  another 
is  determined  mainly  by  the  proportions  in  which  these  two  types 
of  compounds  exist,  anthracite,  for  example,  containing  but  little 
of  the  more  unstable  constituents;  (3)  that  the  true  "  coal  sub- 
stance," apart  from  the  traces  of  sulphur  compounds  that  mask  its 


too 

V 

„. 

/\ 

/ 

ISO 

J 

/ 

Its 

] 

- 

j 

M 

<• 

; 

y 

' 

IJ 

jjf 

. 

/ 

»' 

— 

-J 

^ 

}• 

r 

u 

r" 

[ri;,.,. 

^ 

1   i 

PlO.  I 


—DutUUtioii  of  Coal  A  in  vacuo  &t  930*  C 


0      to    40    »o     eo    100 


character,  is  compounded  of  the  two  types  which  behave  so  differ- 
ently under  the  action  of  heat ;  and  (4)  that  the  presence  of  carbon 
monoxide  in  the  gases  is  most  probably  due  to  the  elimination 
of  water  from  hydroxy-compounds,  and  the  subsequent  reaction 
of  the  steam  thus  formed  with  the  carbon.  In  a  later  paper,  in 
conjunction  with  A.  H.  Clark  and  C.  B.  Piatt,  Wheeler  explains 
that  in  using  the  terms  "  kydrogen-yidding"  and  "paraffin- 
yielding  "  constituents,  he  does  not  mean  that  hydrc^en  in  the 
one  case,  or  paraffin  in  the  other,  is  the  sole,  but  that  it  is  only  the 
predominant  decomposition  product  in  each  case.  He  also  ex- 
pressed his  belief  that  the  "  hydrogen-yielding  "  is  the  cellulosic, 
and  the  "  paraffin-yieiding  "  the  resinic  constituent  of  coal. 
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The  main  facts  observed  by  Wheeler  and  his  co-workers  in  this 
connection  were  confirmed  by  the  independent  work  of  Vignon  on 
French  coals.^  This  investigator  distilled  various  samples  of  coal 
at  successive  temperatures  of  400°,  600°,  850°,  1000°,  and  1200°, 
showing  (i)  that  unsaturated  hydrocarbons  almost  all  pass 
over  below  600°  and  disappear  entirely  at  higher  temperatures ; 
(z)  that  methane  and  other  paraffins  fonn  from  60  to  80  per  cent, 
of  the  whole  gas  up  to  800°,  after  which  they  decrease  rapidly 
with  further  rise  in  temperature;  {3)  that  between  800°  and  1000° 
hydrogen  predominates,  but  in  turn  diminishes  above  1000°; 
and  {4)  that  very  high  temperatures  promote  the  formation  of 
carbon  monoxide. 

It  would,  therefore,  appear  that  there  is  no  room  for  any  serious 
difference  of  opinion  upon  questions  of  fact  in  this  connection, 
and  that  in  particular  Wheeler's  principal  discovery  of  a  tempera- 
ture somewhere  between  700°  and  800°  at  which  the  evolution 
of  hydn^en  rapidly  increases  has  been  substantially  confirmed. 
When,  however,  it  comes  to  the  interpretation  of  the  facts, 
agreement  with  his  conclusions  is  by  no  means  unanimous,  and 
in  particular  two  well-known  American  investigators  (H.  C.  Porter 
and  G.  B.  Taylor)  »  have  expressed  strong  dissent  from  his  view 
that  the  aforesaid  rapid  increase  in  the  evolution  of  hydrogen 
between  700°  and  800°  really  marks  "  a  well-defined  decomposition 
point "  or  a  "  critical  period  "  at  which,  after  the  decomposition 
of  a  less  stable  "  paraffin-yielding  "  resinic  constituent  has  been 
practically  completed,  that  of  a  more  stable  "  hydrogen-yielding  " 
cellulosic  constituent  begins.  Indeed  the  fact  that  "  water  of 
constitution,"  as  Wheeler  himself  states,  begins  to  be  copiously 
evolved  from  a  bituminous  coal  at  as  low  a  temperatme  as 
200°,  and  continues  up  to  and  beyond  450°  suggests  the  early 
decomposition  of  "cellulosic"  rather  than  that  of  "resinic" 
constituents. 

Moreover,  it  has  always  appeared  to  the  writer  that,  in  inter- 
preting his  experiments,  Wheeler  has  overlooked  the  probable 
behaviour  of  the  nitrogenous  constituents,  which  do  indeed  form 
as  important  a  part  of  the  coal  substance  as,  s,iy,  llie  resinic 
constituents,  and  ought  not  therefore  to  be  igiiori'd.  For  if,  as 
both  Carrick  Anderson  and  M.  G.  Christie  {loc.  cil.)  liave  inde- 
pendently shown,  the  "ammonia-yielding"  nitrogenous  con- 
stituents of  coal  begin  to  decompose  between  330°  and  480'', 
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and  rapidly  do  so  at  from  500°  to  700°,  then  it  is  certain  that 
Burgess  and  Wheeler's  results  must  have  been  materially  in- 
fluenced by  this  factor,  as  indeed  the  following  figures  from  the 
amounts  of  ammonia  in  these  gases  prove : —  ^^ 

Coal  A  H 

Temperature  .  .  450°  500°  600°  700°  800°  900* 
Total    Gases  in   c.cs. 

per  gram.  Coal       .     i2-o    29^9      99-0      124-0     218-0    2 
Percentage  NHa        .       4-7      i'35      i'40        1-60      i-oo 

Coal  C 

Temperature     .         .     500°     5oo°    700°     800°     900° 
Total   Gases   in    c.cs. 

per  gram  Coal  .     33-5     83-0    1350     208-0     254-0 

Percentage  NH,  .       2-00    0-70       i-io      0-85    nil 

The  American  investigators  referred  to  {q.  v.)  liave  suggested  that 
the  marked  increase  in  the  production  of  hydrogen  at  750°  or 
thereabouts,  in  Bui^ess  and  Wheeler's  experiments,  may  have 
been  due  to  the  secondary  decomposition  of  volatile  matters  (tar 
and  gases),  and  unquestionably  the  employment  by  Burgess  and 
Wheeler  of  a  tubular  platinum  retort  for  heating  the  coal  in  the 
particular  series  of  experiments  referred  to  would  greatly  influence 
all  secondary  changes  of  a  catalytic  character,  and  it  therefore 
affords  their  critics  a  valid  ground  of  objection.  Also  Vignon's 
experiments,  in  which  an  iron  tube  was  used,  though  less  open  to 
question,  are  not  entirely  immune  from  such  criticism. 

In  this  connection  it  should  be  remembered  that,  according 
to  the  researches  of  Bone  and  Coward,  whilst  methane  is  a  very 
stable  hydrocarbon  at  800°,  and  is  only  slowly  resolved  into  its 
elements  between  that  temperature  and  1200°,  both  ethane  and 
ethylene  decompose  fairly  rapidly  at  700°  and  are  most  unstable 
at  all  temperatures  above  800°-  Also,  that  methane  is  always 
a  prominent  decomposition  product  of  the  other  two,  being  forrned 
by  the  "  hydrogenation  "  of  unsaturated  residues  such  as  :CHj 
and  :CH,  which  are  undoubtedly  produced  momentarily  and  play 
an  important  r6le  in  hydrocarbon  decomposition  at  high  tempera- 
tures. Hydrogen  would  certainly  be  produced  at  700"  to  Soo° 
by  the  secondary  decomposition  of  the  vapours  of  low  tempera- 
ture tars,  but  some  of  it  would  probably  also  disappear  at  that 
temperature  on  account  of  the  "  hydrogenations  "  referred  to. 
And  whilst  it  is  difficult  to  arrive  at  any  precise  or  final  conclusiosn .. 
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in  weighing  up  the  pros  and  cons  of  the  case,  the  writer  is  on  the 
whole  inclined  to  think  that,  whereas  Burgess  and  Wheeler's 
experiments  would  probably  not  be  affected  materially  by  the 
secondary  decomposition  of  methane  until  well  above  800°, 
those  between  600"  and  900°  were  to  some  extent  influenced  by 
other  secondary  hydrocarbon  decompositions  and  interactions, 
but  probably  not  sufficiently  to  throw  doubt  upon  their  principal 
conclusion  that  there  exists  a  temperature  point  between  700° 
and  800°  at  which  some  "  hydrogen-yielding  "  constituent  (or 
perhaps,  to  put  it  better,  "  complex  "]  in  the  coal  substance 
begins  to  decompose  rapidly. 

In  conjunction  with  D.  T.  Jones,  Wheeler  has  recently  studied 
the  condensable  tars  formed  by  the  distillation  of  coals*  imder 
pressures  of  from  5  to  40  m.m.  at  temperatures  up  to  430°  C.  Two 
bituminous  coals  were  selected,  one  from  Scotland  and  the  other 
from  Co.  Durham,  of  the  following  composition: — 

Proximate  Analyses 
of  DnrCoal. 

Volatile*.    I. 

Scottish  Coal  2636. .3-28  86-92  4-98  175  079  5-56  per  cent. 
Durham  Coal  30-81.. 4*10    86-88    5-41  1-75  1-25  4-71 

The  tars  obtained,  amounting  to  about  6-5  per  cent,  of  the 
weight  of  the  coal,  yielded  on  distillation  up  to  300°  (i)  about  half 
its  weight  of  soft  pitch,  sp.  gr.  1128^°,  entirely  soluble  in 
chloroform  and  free  from  carbon,  and  (2)  a  mixture  of  oils,  boiUng 
below  300°,  of  the  followii^  composition : — 

(a)  Between  40  and  45  per  cent,  of  "  ethylenic  "  unsaturated 
hydrocarbons,  for  the  most  part  richer  in  carbon  than 
the  mono-olefines. 
{b)  About  40   per  cent,  of   naphthenes   (C„Hto],  and    hquid 

paraffins  (C,Hfc+J,  the  former  greatly  predominating, 
(c)  Between  12  and  15  per  cent,  of   phenolic  bodies,  chiefly 

cresols  and  xylenols. 
(1^  About  7  per  cent,  of  aromatic  compounds,  chiefly  homo- 
logues  of  naphthalene  ( ?  dimethylnaphihalene)  but  not 
naphthalene  itself.  Benzene,  anthracene,  and  solid 
aromatic  hydrocarbons  were  absent,  nor  was  thtre  any 
evidence  of  the  presence  of  toluene  nor  homologues  of 
benzene  in  more  than  minute  quantities. 

(()  Traces  of  pyridine  bases.  ,         

^  Joum.  Ck$m.  Soc.,  1914.  106,  141.  ^S**;    »9'5.  lOT,  ijr 
109,  708. 
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In  a  later  series  of  experiments  Jones  and  Wheeler  >  studied 
separately  the  behaviour  on  distillation  of  the  three  fractions  into 
which  the  coal  substance  may  be  divided  by  successive  extraction 
by  means  of  pyridine  and  chloroform,  namely  (a)  the  portion 
insoluble  in  pyridine  ("  cellulosic  "),  (6)  that  soluble  in  pyridine 
but  insoluble  in  chloroform,  (c)  that  soluble  in  both  pyridine 
and  chloroform  ("  resinic  ").  The  coal  selected  for  this  purpose 
was  the  Durham  coal  used  in  the  previous  series  of  experiments 
(q.  v.),  and  the  results  of  the  further  treatment  of  it  were  briefly 
as  follows : — 

(i)  150  grams  of  Fraction  (a)  yielded,  at  temperatures  between 
390®  and  450®  in  vacuo,  chiefly  phenolic  products,  and  an 
oil  containing  C  =»  86-04  and  H  =  11-35  (i.  e.  C  +  H  = 
97-39)  per  cent.  The  contents  of  the  flask  showed  no 
tendency  to  cake  during  the  distillation  (i .  e.  up  to  450°), 
and  the  residual  non-volatile  material  remaining  in  the 
flask  after  the  experiment  was  a  fine  powder. 

(ii)  150  grams  of  Fraction  (6)  similarly  yielded  oils,  of  which 
40  per  cent,  were  phenolic  and  the  remainder  "of  a 
resinous  nature."  The  non-volatile  residue  was  of  the 
same  powdery  character  as  in  (i). 
(iii)  65  grams  of  Fraction  (c)  softened  at  90**,  and  melted  at 
102°.  Gases  began  to  be  evolved  at  170*".  On  continu- 
ing the  distillation  up  to  400**,  considerable  quantities 
of  paraffin  wax  distilled  over  at  250®,  and  large  volumes 
of  gases  were  evolved  at  320**.  The  condensable  products 
consisted  of  a  viscous  resin-Uke  substance,  which  on 
re-distillation  yielded  an  oil  containing  olefinic  hydro- 
carbons, and  an  oil,  boiling  between  180**  and  250®  at 
atmospheric  pressure,  containing  C  =  87-31,  H  =  lo-oo 
(C  +  H  =  97-31)  per  cent.  No  phenols  were  produced, 
and  the  23  grams  of  residue  left  in  the  distillation 
flask  were  a  hard  compact  pitch,  containing  C  =»  87-96, 

H  =  5-67  (C  -|-  H  =  93-63)  per  cent,  completely  soluble 
in  pyridine. 

The  most  important  points  which  Jones  and  Wheeler  claim  to 
have  established  with  regard  to  such  low  temperature  tars  are : — 
(i)  the  absence  of  benzene  and  its  homologues,  but  the  presence 
of   homologues  of  naphthalene  in  them;  the  latter  point,  if 

confirmed,  would  be  of  considerable  interest  as  bearing  on  the 

no 
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chemical  structure  of  coal;  (2)  the  predominance  in  them  of 
"ethylenic"  imsaturated  hydrocarbons  and  naphthenes;  (3)  the 
formation  of  phenolic  bodies  exclusively  for  what  are  presumably 
the  "  cellulosic  "  constituents  of  the  coal;  and  (4)  the  striking 
contrast  between  the  compact  pitchy  residue  }delded  by  the 
supposed  "  resinic  "  constituent  and  the  non-coherent  powder  left 
behind  by  the  other  constituent,  which  again  clearly  demonstrates 
the  predominant  influence  of  the  resinic  bodies  in  determining 
the  coking  power  of  coal. 

Before  passing  on  to  the  description  of  the  work  of  other 
investigators  it  will  be  convenient  if  we  now  record  the  latest 
views  of  Jones  and  Wheeler,  as  summarised  at  the  end  of 
their  third  paper  on  the  Constitution  of  Coal  ^  in  the  following 
paragraphs : — 

(i)  Coal  is  considered  to  have  been  formed  from  decayed 
vegetable  matter  by  the  action  of  pressure  and  tempera- 
ture.   The  temperature  cannot  have  approached  300^. 

(2)  The  coal  conglomerate  can  be  resolved  by  means  of  sol- 

vents into  cellulosic  and  resinic  portions. 

(3)  The  cellulosic  derivatives  contain  compounds,  the  molecules 

of  which  possess  the  furan  structure,  and  yield  phenols 
when  destructively  distilled.  There  are  also  compounds 
present,  the  molecules  of  which  have  structures  resembling 
that  of  the  carbon  molecule,  but  it  is  unlikely  that  "  free 
carbon  "  is  present  in  coal.  The  cellulosic  derivatives 
are  probably  few  in  type. 

(4)  The  resinic  derivatives  contain  compounds  in  which  alkyl, 

naphthene  and  unsaturated  hydroaromatic  radicals  are 
attached  to  larger  and  more  complex  groupings.  It 
is  doubtful  whether  aromatic  groupings  are  present. 
Under  the  influence  of  pressure  the  bulk  of  the  resinic 
derivatives  have  become  highly  polymerised.  The 
oxygenated  resinic  derivatives  are  chiefly  oxides,  prob- 
ably cyclic  oxides;  esters,  lactones,  anhydrides,  acids« 

and  ketones  are  absent  or  present  only  in  small 
quantity. 

(5)  Hydrocarbons  are  present  in  the  resinic  portions  of  coal ; 

saturated  hydrocarbons  (paraffin)  are,  however,  present  in 
small  quantity  only. 

(6)  The  main  distinction  between  low  temperatmre  distillates 

^  Joum,  Ch$m.  Soc,,  1916,  100,  707. 
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from  coal  and  petroleum  is  the  absence  of  phenols  in  the" 
latter.  This  is  held  to  be  corroborative  evidence  of  the 
non-cell ulosic  orgin  of  petroleum. 

The  foregoing  statements,  embodying  as  they  do  the  considered 
opinions  of  two  chemists  whose  researches  have  enriclied  our  know- 

Ige  by  many  new  and  important  facts.must  necessarily  command 
attention  if  they  do  not  altogether  compel  assent.  There  will 
be  no  difficulty  in  accepting  conclusions  (i),  (2),  and  (3),  although 
with  regard  to  (2),  as  well  as  to  the  conception  of  the  constitu- 
tion of  the  coal  substance,  embodied  in  the  paragraphs  as  a  whole, 
most  chemists  will  view  with  surprise  the  omission  of  any  refer- 
ence whatsoever  to  the  presence  of  nitrogenous  constituents. 
Paragraphs  (3)  and  (4},  however,  bristle  with  controversial  points, 
and  suggest  ideas  which  do  not  seem  to  have  been  as  yet  suffi- 
ciently substantiated.  Also  there  is  some  inconsistency  between 
Jones  and  Wheeler's  conclusion  that  the  phenolic  products,  present 
to  an  extent  of  12  to  15  per  cent,  in  the  tars  obtained  by  them 
on  distilUng  coals  up  to  430°  in  a  vacuum,  are  derived  from  the 
cellulosic  constituents  of  coal  [paragraphs  (3)  and  (4)]  and  the 
equally  definite  previous  assertions  by  Burgess  and  Wheeler  that 
these  "  hydrogen-yielding  "  cellulosic  constituents  only  decompose 
freely  above  a  critical  temperature  defined  as  being  between  750° 
and  800°,  Indeed,  as  will  be  seen  later,  strong  exception  has  been 
taken  to  Wheeler's  interpretation  as  a  whole  of  the  thermal 
decomposition  of  coal  by  two  American  investigators,  H.  C.  Porter 
and  G  .B.  Taylor  {q.  v.). 

We  must  next  consider,  as  supplementing  the  work  of  Jones 
and  Wheeler,  the  exhaustive  investigations  by  Pictet  and  Bouvier 
upon  the  composition  of  the  60  kilos  of  "  vacuum  tar " 
obtained  by  them  on  distilling  ij  tons  of  Montrambert  coal  at 
450°  under  a  pressure  of  15  to  20  m.m.*  They  stated  that  the 
tar  contained  neither  phenols  {vide,  however,  Jones  and  Wheeler, 
and  a  later  statement  by  Pictet.  Kaiser  and  Labouchfere)  nor 
aromatic  hydrocarbons,  but  yielded  both  on  decomposition  at 
red  heat.  The  presence  of  alcohols  and  unsaturated  hydro- 
carbons was  proved,  but  not  in  sufficient  quantity  to  admit 
of  identification.  After  freeing  the  crude  tar  from  such  alcohols 
by  treatment  with  sodium,  and  from  unsaturated  hydrocarbons 
by  shaking  it  up  with  anhydrous  liquid  sulphur  dioxide,  which 
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1.3  ;iiid  removes  them,  the  residual  "saturated"  hydro- 
i  were  resolved  by  fractional  distillation  at  atmospheric 
u  into  the  following  constituents,  all  of  which  were  of  the 
Liie  (C„H^)  type  of  hydrocarbons: — 


^^rmula. 

B.P.  at  730  m.m. 

Density. 

N.. 

''.H„ 

135-137° 

07590- 

1-4212" 

i;„iH,. 

160-161° 

07680"° 

1-4272 

'■,.H„ 

172-174° 

07765'"° 

I-4196' 

C.iH,, 

189-191° 

0.7838'"° 

14234 

C,.H„ 

211-213° 

07862»" 

I-4293' 

t,.H„ 

227-229° 

07953"° 

1-4379' 

Tlie  authors  in  question  pointed  out  that  the  physical  constants 
ui  their  hydrocarbons  are  nearly  the  same  as  those  previously 
found  by  Mabery  from  the  saturated  hydrocarbons  of  similar 
constitution  isolated  from  Galician  and  Califomian  petroleums. 
They  identified  the  hydrocarbon  C^^  as  1:3:5  trimethyl- 
cydohexane  {hexahydromesitylene),  since  with  nitric  acid  it 
yielded  dinitromesityleae. 


CH,-HC     CH, 

H,C/^CH-CH, 
CH,-HC     CH, 

On  contiiiuii^  the  distillation  of  the  oil  under  15  m.m.  pressure, 
they  obtained  a  fraction  which  solidified  into  colourless  needles 
melting  at  62-63°,  and  having  a  density  of  0-9128  at  25°.  It 
had  a  fonnula  C,bH,o  and  seemed  to  be  identical  with  the  melene 
obtained  in  1849  by  Brodie  from  the  products  of  the  dry  distilla- 
tion of  beeswax. 

Wth  regard  to  the  composition  of  the  2  per  cent,  of  hydrojy- 
compounds  contained  in  this  "  vacuum  tar,"  Pictet  in  conjunction 
with  Kaiser  and  Labouch^re  subsequently  proved  the  presence 
of  hexahydro-^resol,  C^H^jO  (b,p,  170-175°  C),  as  well  as  a 
series  of  homologous  phenobc  bodies,  including  CjHjoO  (b.p. 
iSs-igo").  C^uO  {b.p.  198-200°),  Ci,H,«0  (b.p.  213-215°), 
and  CiiH,,0  (b.p.  226-228°),  which  they  beheve  probably  occur 
as  such  in  coal,  because  similar  substances  have  been  extracted 
from  coal  by  benzene.  The  tar  also  contained  0-2  per  cent,  of 
bases,  among  which  were  a  primary  aromatic  amine  C,H^ 
(possibly  a  mixture  of  toluidines),  and  a  number  of  secoi 
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bases  CgH,N  (b.p.  225°).  C,H,N  (b.p.  247-250°),  C,oH„N  (b.p. 
250-260°),  CnHijN  (b.p.  260-265°),  andCijHijN  {b.p.  270-280°), 
which  had  the  odour  of  quinolines  and  yielded  picrates  only 
slightly  soluble  in  alcohol.' 

D.  T.  Jones  has  recently  advanced  the  practical  study  of  the 
thermal  decomposition  of  such  cyclic  saturated  hydrocarbons  by 
heating  cj'c/ohexane  (C,H]g}.  methylcyc/ohexane  (C,H,J,  and 
di-  and  tetra-hydronaphthalenes  (CioHio  and  C,oH„)  in  contact 
with  porous  porcelain,  the  temperature  of  which  was  slowly 
raised  until  the  decomposition  point  was  attained  in  each  case.' 
This  in  the  case  of  the  two  first -named  hydrocarbons  was  between 
490°  and  510°,  and  for  dihydronaphthalene  it  was  at  390°.  The 
principal  facts  established  were  : — 

Cyciohexane  at  500°  yielded  benzene,  which  formed  20  per 
cent,  of  the  liquid  products,  and  a  gas  containing  : — C,H,  and 
Olefines  =  261,  C,Hg  =  02,  C,H,  =  8-5,  C.H,  =  21-9.  CH^  =  30, 
and  Hj  =  40-3  per  cent. 

Meikylcydohexane  at  530°  yielded  liquids  and  a  gas  con- 
taining :-— C,Hj  and  Olefines  =  12-8,  C,H,  =  trace,  CjH,  =  io-6, 
CjH,  =  12-0,  CH«  =  225,  and  H,  =  421  per  cent. 

1:4  Dihydronaphthalene  at  420°  yielded  naphthalene,  and  a 
gas  containing  :— CH4  =  14-6,  and  Hj  =  85-4  per  cent. 

1:2:3:4  Tetrahydronaphthalene  at  530°  yielded  naphthalene, 
and  a  gas  containing  : — CjH,  and  Olefines  =  3-3,  C,H(  =  3-5, 
CjHj  =  40,  CH4  =  90,  and  H,  =  80-2  per  cent. 

In  a  later  paper  *  Jones  has  detailed  the  results  of  his  investi- 
gation of  the  thermal  decomposition  of  the  low  temperature 
tars  previously  obtained  from  coals  by  Wheeler  and  himself 
(/oc.  cil.).  The  method  adopted  was  to  decompose  smaU 
quantities  of  the  tar  at  successive  temperature  increments  of 
50°  beginning  at  550°  C.  (the  lowest  temperature  at  which  the 
decomposition  became  rapid  enough  for  convenient  study)  by 
distilling  a  small  quantity  of  the  vapour  over  heated  porous 
porcelain  in  a  stream  of  carbon  dioxide,  which  was  used  to 
sweep  the  vapour  and  gaseous  products  forward.  The  following 
tabulated  compositions  of  the  gaseous  products  obtained  at 
the  various  temperatures  are  of  considerable  interest,  especially 
in  connection  with  Burgess  and  Wheeler's  results  and  conclusions, 
the  rapid  increase  in  the  production  of  hydrogen  between  75(^ 

*  Compl.  rend.,  1917,  166,  p.  113. 

*  Journ.  Chem.  Soc,  1915,  107,  p.  158*. 

*  lourn.  Soe.  Chem.  Ind.,  1917,  p.  3. 
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mental  method  consisted  in  heating  side  by  side,  under  the  same 
conditions,  a  coal  which  underwent  carbonisation  and  a  coke 
which  could  be  regarded  as  chemically  and  thermally  inert,  and 
noting,  by  means  of  a'differential  arrangement  of  thermocouples 
devised  by  the  late  Roberts- Austen  for  the  examination  of 
metaUic  alloys,  the  extent  to  which  the  temperature  of  the  coal 
differed  (-J-  or  ~)  from  that  of  the  coke  in  various  stages  of  the 
carbonisation. 
The  materials  examined  included  the  following  :— 


TABLE  XXIX 


Percentage. 

Ash-free  Substoncc. 

Vola- 

tUea.' 

A,h. 

C. 

H. 

N. 

S. 

0. 

Anthracite  (S.Wales) 

8q-:.o 

Bitumioous  Co^lI 

VBM 

45-27 

rH" 

«..-iq 

V46 

1-94 

1060 

Lignite     .... 

63-00 

1-66 

Dehydrated  Cellulose 

fiV" 

iS-Tt 

36-68 

Cotton  Wool       .      . 

44-4 

— 

— 

49-4 

Cellulose  {but  not  dehydrated  cellulose,  lignite  nor  coals)  showed 
a  strong  exothermic  reaction  between  300°  and  400"  C.  which 
the  authors  in  question  suppose  was  connected  with  the  expulsion 
of  hydroxy!  groups  at  345°  and  the  consequent  condensation  of 
the  residue.  In  the  case  of  dehydrated  cellulose  and  lignite  this 
evolution  of  heat  was  spread  over  a  wide  range  (280°  to  420°), 
and  in  the  case  of  coals  no  signs  of  exothermic  reactions  were 
observed  below  400°.  Between  400°  and  600°  the  thermal 
phenomena  varied  a  good  deal  with  the  nature  of  the  coal,  but 
aD  coals  displayed  marked  exothermicity  in  passing  through  the 
interval  5oo°  to  800°,  during  which  methane  also  was  freely 
evolved.  Above  800°,  when  hydrogen  became  the  chief  gaseous 
product,  the  carbonisation  process  appears  to  be  either  thermally 
neutral  or  shghtly  endothemiic.  In  general,  at  low  temperatures 
the  thermal  phenomena  were  most  marked  with  cellulose  and  coals 
of  a  high  oxygen  content,  whilst  at  high  temperatures  they  were 
most  marked  with  anthracite  and  coals  of  low  oxygen  content. 

A  study  of  the  curves  published  in  the  paper  leaves  the 
impression  that  they  do  not  admit  of  more  than  a  very  general 

ijis  determined  in  platinum  crucible  by  the  American  Method  (j.ej^ 
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interpretation,  and  that  a  more  thorough  exploration  of  the 
subject  is  needed  before  any  definite  conclusion  regarding  the 
difierences  between  the  thensal  behaviour  of  various  coals  can 
be  drawn  from  the  observations  made  by  such  a  method.  This 
remark  applies  especially  to  the  range  of  400°  to  600°,  where 
most  of  the  primary  "  low  temperature  "  changes  in  the  coal 
substance  prestimably  occur  other  than  the  elimination  of  water, 
which  Wheeler  and  others  have  shown  to  commence  at  200"  and 
to  continue  beyond  450°.  The  fact  that  Hollings  and  Cobb's 
curves  do  not,  except  in  the  case  of  cellulose  itself,  bring  out  this  • 
feature  very  strongly  shows  at  once  the  extreme  complexity 
of  the  problem  and  the  limitations  of  such  a  method  as  they 
employed,  which  of  course  only  indicates  the  direction  {+  or  — ) 
in  which  the  balance  of  the  heat  changes  is  moving  at  any 
particular  range  of  temperature. 

In  this  cormection  it  may  be  noted  that  Rau  and  Lambris,  who 
investigated  the  mode  of  formation  of  water  in  the  destructive 
distillation  of  various  fuels,  found  that  the  amount  actually 
recovered  by  condensation  was  greater  by  as  much  as  50  to  100  per 
cent,  with  slow  than  with  rapid  heating.  Thus,  with  a  high-grade 
gas  coal  the  water  condensed  varied  from  4-8  up  to  7-3  per  cent, 
according  as  the  temperature  of  coal  was  raised  to  1000°  in  a  few 
minutes  or  in  36  hours.  As  a  rule,  the  lower  the  oxygen  content 
of  a  coal,  not  only  the  less  is  the  water  produced  from  it,  but  also 
the  higher  the  temperature  at  which  it  is  produced.  With  cellu- 
lose the  principal  water  formation  was  found  to  occur  between 
240°  and  350°  C,  which  agrees  fairly  well  with  Hollings  and  Cobb's 
observations  that  there  is  a  decomposition  point  at  345°  at 
which  the  heat  evolution  was  "  very  sudden  "  as  though  it  was 
due  "  to  chemical  action  at  a  definite  temperature."  With 
bituminous  coals  the  principal  water  formation  occurred  between 
400°  and  650°  C,  which,  it  may  be  remarked,  is  well  below 
Burgess  and  Wheeler's  supposed  critical  temperature  of  750°. 
It  is  therefore  certain  that  water  is  a  primary  decomposition 
product  of  the  coal  substance,  and  that  its  principal  formation 
occurs  below  600°,  if  not  below  500°.  Moreover,  the  amount 
of  it  produced  below  600°  is  so  large  in  proportion  to  the 
oxygen  content  of  the  coal  that  it  seems  difficult  to  ascribe  it 
to  the  decomposition  of  any  other  than  the  principal  oxygen 
constituents  of  the  coal,  namely,  the  cellulosic  constituents,  a 
conclusion  which  again  seems  to  be  inconsistent  with  Wheelet's^ 
arguments  respecting  the  thermal  decomposition  of  coaL 
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It  may  here  be  observed  that  hitherto  too  httle  attention 
has  been  paid  by  chemists  to  the  variations  in  the  relative 
proportions  of  oxygen  appearing  as  water  on  the  one  hand,  and 
as  oxides  of  carbon  on  the  other,  among  the  products  of  the  low 
temperature  distillation  of  different  coals.  Experiments  recently 
made  in  the  writer's  laboratory  have  shown  that  these  relative 
proportions  may  vary  considerably,  even  in  the  case  of  coals 
having  ahnost  the  same  oxygen  content.  Thus,  for  example, 
in  a  series  of  experiments  in  which  15  grams  of  two  different 
(dried)  coals,  one  a  Bamsley  Hard  Coal,  and  the  other  a  Durham 
Coking  Coal,  but  with  nearly  the  same  oxygen  contents,  were 
separately  distilled  at  550°,  the  relative  proportions  of  the 
oxygen  eliminated  as  water  and  as  oxides  of  carbon  differed 
very  considerably,  aS'  the  following  figures  show  : —  h 
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Coal. 

BunilerHud 

Stum  Coal 
(MiltbyCoUiHT). 

Durtum  Cokii« 

Composition 
of  the  Dry 
Coal 
Substance 

C 

H 

N 

S 

0 

84-67 
513 
1-54 
0-73 

7-94 

IS 

1-30 

7-74 

Crams           f  CO, 

expelled      J  CO 

at530=C.   1h.O 

0-0297 
0-0900 
0-52 

00198 

0-0498 
0-17 

Weight/         OasH.O 

Ratio    loasCOandCO,     ■      ■      ■      ■ 

.3 

35 

These  experiments,  which  are  regarded  as  merely  preliminary 

ones,  are  being  extended  with  a  view  to  a  complete  exploration  of 
the  subject  as  a  possible  basis  of  discrimination  between  different 
tj'pes  and  classes  of  coal. 

In  1914,  H.  C.  Porter  and  G,  E.  Taylor  of  Pittsburg  published 
an  important  memoir  embodying  the  results  of  their  investiga- 
tions upon  the  mode  of  decomposition  of  certain  American  coals 
at  temperatures  up  to  450°,  which  had  led  them  to  conclusions 
very  different  from  those  of  Burgess  and  Wheeler,  whose  interpre- 
tations they  freely  criticised.* 

1  Ftoc.  Amer.  Gas.  Instiluit.  1914,  IX.  i.,  pp.  334  to  2SS. 
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The  object  aimed  at  in  their  experiments  was  to  elucidate 
the  nature  of  the  primaiy  decomposition  of  the  coal  substance 
under  conditions  calculated  to  eliminate  as  far  as  possible  the 
influence  of  secondary  reactions,  which  complicate  the  process 
in  indostrial  practice.  With  this  end  in  view,  the  heating  was 
carried  out  under  a  high  vacuum  (0-5  to  lo-o  m.m.)  in  a  glass  bulb 
inunersed  in  a  bath  of  a  molten  mixtiue  of  sodium  and  potassium 
nitrates  (m.p.  220°  C),  which  could  be  maintained  continuously 
at  any  particular  expeiimental  temperature  (250*,  350°,  450'^ 
desir^  By  such  means  the  walls  of  the  tiulb  were  at  no  point 
heated  above  the  temperature  of  the  coal.  It  was  also  shown 
experimentally  that  neither  the  character  of  the  decomposition 
of  the  coal  substance  nor  the  temperature  at  which  it  began  was 
materially  afiected  by  a  reduction  in  pressure. 

The  following  four  coals,  diSering  considerably  in  their  contents 
of  oxygen  and  "  volatiles,"  were  selected  for  investigation ;  they 
had  been  stored  since  being  mined  in  closed  containers  as  {  to  J 
inch  lumps,  and  before  use  were  "  air  dried  "  and  crushed  so  as 
to  pass  a  40-,  but  not  a  loo-mesh  sieve. 


TABLE  XXXI 

FXBCBMTAOB  COMPOSITION  OF  THS  CoAU 


Origin. 

Vlisliila. 

HttdHq. 

-^ 

Shertdm 

•^^lAaH    .... 

0-&0 

ai-6o 
323 

0-93 
33-oa 
9.07 

ao7 
35'*i 
9-17 

598 

4I-47 
6-45 

Dry             (C.     .      .     . 
AshlHS        H.    .     .     . 
Coal             0.    .     .     . 
Snbrtance  IvoUtilw    . 

3-60 

33-4^ 

85-^5 
5-45 

3?:8 

80-91 
39-70 

47-35 

From  the  mass  of  experimental  data  and  curves  published  inTthe 
original  memoir,  to  which  the  readeris  referred  for  fuller  informa- 
tion, the  following  eight  curves  {Figs.  11  to  18  inclusive),'  as  well 
as  Table  XXXII  showing  the  results  of  typical  experiments 
upon  all  four  coals  at  450°,  are  selected  as  illustrating  tlic  more 
important  results. 

■  The«e  corves  are  reproduced  with  the  kiiid  pennissiOD  of  the  American 
Gaa_Institnte. 
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TEMPERATURE  —  OEC.  CENT. 

Fig.  II. — Percentage  yidds  of  tar, 
water,  gas.  and  total  volatile  by 
beatiog  Pittsburg  coal  in  vacuo  at 
low  temperaturea. 


TCMPERATURC  —  DEG.  CENT. 

Fig.  13,— Percentage  yields  of  tar. 
water,  gas,  and  total  volatile  jby 
beating  New  River  (West  Virginia) 
coal  in  vacuo  at  low  temperatures. 
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TEMPERATURE  —  OEC. CENT. 

Fig.  13. — Percentage  yields  of  tar, 
water,  gas,  and  tot^  volatile  by 
heating  Franklin  Co,  (Illinois) 
coal  in  vBCtto  at  low  temperatures. 


TCMPERATUBE  —  DEO.  CENT. 

Fig.  14. — Percentage  vields  of  tar 
water,  gas,  and  total  volatile  by 
heating  Wyoming  sub-bituminous 
coal  in  vocmo  at  low  temperatures. 
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TEMPERATURE  -  OEC.  CEN 

FiQ.  II. — Percentage  yields  of  I.k 
water,  gaa,  and  total  volaiilu^  L, 
heatiDg  Pittsburg  coal  ia  ru,  itn  .  i 
low  temperatum. 
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f  ExpBXUIBmS  AI  450* 

„™b^. 
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Wyoming. 

" — — 

'..o    1       8-3 

»-3 

lO-O 

~^ 

3-80 

401 

8« 

12-64 

~    — -                 .   .   . 

ii-iS 

a  I -07 

20-82 

29-47 

—                                 .... 

48-0 
223-0 
1300 
3340 

1380 

XI 

3320 
31000 
6530 

104-0 

533-0 
483-0 
3200 
31580 
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432-0 
2128-0 
14260 

2647-0 
1H9-0 

5498 

4694       1 5621 
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,    laeofninCH^t,   . 

1-21 

1-37  j       '-30 

1-31 

ite*(       OasH,0 
K.lUo  loasCO  +  CO, 

y° 

„.c  !  ., 
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'  ••■tm  the  large  proportions  of  total  volatile  matter  expelled 
450°  (i.  e.  from  55  to  about  70  per  cent.)  it  is  evident  that  a 
-rry  considerable  amount  of  decomposition  of  the  coal  substance 
liad  taken  place  up  to  that  point.  Indeed,  if  the  volumes  of  the 
cxides  of  carbon  evolved  be  taken  as  at  N.T.P.,  we  get  the  follow- 
ing figures  for  the  proportions  of  the  oxygen  in  the  original  coal 
which  had  been  eUminated  as  steam  and  oxides  of  carbon  : — 


New  River.  ■ 


(Total  Oxygen 
0  evolved  as  H,0  2-04 
0  evolved  as  CO,  &  CO  0-41 

Proportion  so  evolved       0*72 


Pitts- 
burg. 
3 -4        5-03 


niinois.  Wyoming. 
9-67        14-81 
7*37        "-24 
1*07        4'06 


D-81     0-87 


1-03 


>  This  is  the  water  actually  produced  bjr  decomposition  of  the  coals, 
and  does  not  include  the  moistare  in  the  '  aix-diied  "  sample  heated, 

■  In  calculating  these  ratioa,  the  volume  of  CO  and  CO^  given  iu  the 
memoir  has  been  taken  as  at  N.T.P. 
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It  is  clear,  therefore,  that  from  70  per  cent,  up  to  the  whole 
of  the  oxygen  containing  constituents  of  the  coal  had  undergone 
decomposition  in  the  experiments,  a  fact  which  seems  difi&cult 
to  reconcile  with  Burgess  and  Wheeler's  views.  The  large 
proportions  of  olefines  and  paraffins  in  the  total  gases  evolved 
from  the  three  bitiuninous  coals  is  remarkable,  as  also  is  the  fact 
that  the  ratio  of  the  hydrocarbon  to  the  hydrogen  in  these  cases 
was  at  the  least  3-3,  and  at  the  most  as  high  even  as  5-3,  which 
observations  substantially  agree  with  those  of  Burgess  and 
Wheeler. 

The  American  investigators  remark,  in  reference  to  Wheeler's 
views,  that  "  coal  does  not  seem  to  contain  a  substance  which 
remains  unaltered  or  nearly  so  below  750**  C.  and  rapidly  produces 
hydrogen  above  that  temperature.  It  seems  rather  to  contain  a 
substance — ^in  fact  gas  coal  is  probably  largely  made  up  of  sub- 
stances— ^which  yielded  the  complex  parafl&n  hydrocarbon  at  low 
temperatures  and  a  large  amount  of  hydrogen  at  high  tempera- 
tures from  the  decomposition  residue.  There  is  no  well-marked 
'  critical '  point  in  the  decomposition  of  coal.  There  is,  however, 
a  well-marked  critical  point  between  1300®  and  1450**  F.  (704* 
and  788**  C.)  in  the  secondary  decomposition  of  the  volatile 
matter — ^tar  and  gases." 

The  principal  results  of  their  own  experiments  may  be 
siunmarised  as  follows  : — 

(i)  More  than  two-thirds  of  the  organic  substance  of  coal  is 
decomposable  below  500**  C,  but  there  is  a  variation 
among  different  kinds  of  coal  in  their  ease  of  decom- 
position. In  the  case  of  American  coals,  those  of  the 
Appalachian  field,  because  of  their  greater  maturity, 
are  less  easily  and  rapidly  broken  down  than  the  yoimger 
coals  of  the  Middle  Western  and  Western  fields. 

(2)  The  first  decomposition  occurring  in  any  type  of  coal  as  the 

temperature  is  raised  is  the  breaking  down  of  certain 
oxygen-bearing  substances  related  to  cellulose,  from 
which  chiefly  water  of  decomposition,  CO2  and  CO  are 
produced. 

(3)  Other  decompositions,   producing  parafiin   hydrocarbons 

both  Uquid  and  gaseous,  begin  at  an  early  stage. 
Whether  or  not  such  decompositions  become  the  pre- 
dominating type  below  500**  depends  on  the  character 
of  the  coal,  and,  as  a  general  rule,  the  higher  the  oxygen 
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in  the  coal,  the  less  will  be  the  proportion  of  hydrocarbons 
and  tar  in  the  volatile  matter.  In  the  case  of  a  sub- 
bituminous  coal  the  "  water-CO, "  yielding  reaction 
predominates  up  to  450°. 
{4)  Secondary  decompositions  of  the  primary  volatile  products 
occur  quickly  and  easily  at  temperatures  of  1350°  F. 
(=  732°  C.)  and  above.  The  liquid  hydrocarbons  in 
the  tar  undei^o  such  decomposition  more  easily  than 
the  gaseous  products  and  yield  below  1350°  F.  methane, 
hydrogen,  ethylene,  hydrocarbons,  and  carbon. 

At  the  conclusion  of  their  memoir  Porter  and  Taylor  advanced 
the  following  hypothesis  for  the  constitution  of  coal,  which 
differs  fundamentally  from  that  of  Burgess  and  Wheeler  in 
supposing  that  the  cellulosic  derivatives  decompose  more  easily 
than  the  resinic  constituents;  Uke  Burgess  and  Wheeler,  how- 
ever, they  have  ignored  the  nitrc^enous  constituents  of  the  coal 
substance. 

"  All  kinds  of  coal  con»st  of  cellulosic  degradation  products 
more  or  less  altered  by  the  processes  of  ageing,  together  with 
derivatives  of  resinous  substances,  vegetable  waxes,  etc.,  in 
different  proportions,  more  or  less  altered.  They  all  undei^o 
decomposition  by  a  moderate  degree  of  heat,  some,  however, 
decomposing  more  rapidly  than  others  at  the  lower  temperatine. 
The  less  altered  cellulosic  derivatives  decompose  more  easily 
than  the  more  altered  derivatives  and  also  more  easily  than  the 
resinous  derivatives.  The  cellulosic  derivatives  decompose  so 
as  to  yield  H,0,  CO,,  CO,  and  hydrocarbons,  giving  less  of  the 
first  three  products  the  more  matured  and  altered  they  are.  The 
resinous  derivatives,  on  the  other  hand,  decompose  on  moderate 
heating  so  as  to  yield  principally  the  parafEio  hydrocarbons, 
with  probably  hydrogen  as  a  direct  decomposition  product. 
The  more  mature  bituminous  coals,  having  good  coking  properties, 
contain  a  large  percentage  of  resinous  derivatives,  and  their 
cellulosic  constituents  have  been  highly  altered.  The  younger 
bituminous  or  sub-bituminous  coals  are  constituted  of  cellulosic  _. 
derivatives  much  less  altered  than  those  in  the  older  coals. 
They  undergo  a  large  amount  of  decomposition  below  their  fusion 
point  and  possibly  for  that  reason  many  of  thera  do  not  coke" 

They  also  predict  from  their  experiments  that  the  products 
of  low  temperature  carbonisation  on  an  industrial  scale  of^_ 
coal  of  the  Pittsburg  type  at  from  427°  to  482°  C.  (800°  to  90^"^^ 
121  } 
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will  consist  of  a  rich  gas  amounting  to  0-6  to  0-7  cub.  ft.  per 
lb.  of  coal,  and  a  larger  yield  of  oil  or  tar,  comprising  10  to  12  per 
cent,  of  the  coal ;  also,  that  this  tar  will,  they  say,  consist  chiefly 
of  paraffin  hydrocarbons  (?  what  of  naphthenes,  cf.  Jones  and 
Wheeler,  and  also  Pictet  and  Bouvier),  and  will  be  almost,  or 
possibly  entirely,  devoid  of  benzene  and  naphthalene  derivatives 
or  of  free  carbon.  That  the  gas  will  contain  6  to  7  per  cent,  of 
unsaturated  hydrocarbons  and  20  to  25  per  cent,  of  ethane  and 
its  higher  homologies,  and  will  consequently  have  a  high  calorific 
and  illuminating  value. 

From  experiments  carried  out  in  the  writer's  laboratory  upon 
typical  British  coals  at  the  somewhat  higher  temperature  of 
550°  C.  it  seems  probable  that  they  will  yield  from  5  to  8  per  cent. 
of  their  weight  of  water,  from  8  to  10  per  cent,  of  oils,  and  some 
3000  cub.  ft.  per  ton  of  crude  gas  containing : — H^S  =  0-5  to  2-0, 
CO,  =  2-0  to  5-0,  CO  =  4-0  to  i8-o,  C„Hj„  =  3'5  to  5-0,  C„Hg„  ^, 
=  55-0  to  75-0,  and  H,  =  5-0  to  15-0  per  cent. 

Siminiing  up  now  the  present  state  of  our  knowledge  with 
regard  to  the  primary  action  of  heat  upon  coal,  it  would  appear  : — 

{i)  That  whilst  the  view  originally  advanced  by  Wheeler  and 
his  co-workers  in  respect  of  the  relative  stabilities  of  the 
cellulosic  and  resinic  compounds  requires  to  be  modified 
in  the  hght  of  later  investigations,  we  nevertheless  owe 
to  them  the  discovery  of  a  series  of  important  facts 
which  none  of  their  critics  have  seriously  impugned 
and  which  have  been  substandally  confirmed  .by  other 
workers.  The  primary  decomposition  of  the  coal  sub- 
stance, as  they  themselves  proved,  begins  at  200°  C 
(or  thereabouts)  with  an  ehmination  of  water  and  oxides 
of  carbon,  and  continues  up  to  and  probably  beyond 
450°.  At  350°.  or  thereabouts,  a  point  is  reached  at 
which  the  evolution  of  gases  {principally  hydrocarbons 
of  the  CjHjn  +  i  and  C„Hj„  series)  becomes  pronounced. 
Hydrogen  forms  a  small  proportion  of  the  gases  evolved 
until  the  temperature  rises  to  between  700°  and  800°  C 
(Wheeler's  "critical"  temperature),  when  it  suddenly 
increases  in  volume  and  becomes  the  predominant 
gaseous  product. 

(2)  That  it  is  still  undecided  whether  the  large  increase  in  the 

evolution  of  hydrogen  which  undoubtedly  occurs  between 
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700°  and  800°  can  be  wholly  attributed  to  the  secondary 
decompositioD  of  tar  vapours  and  gaseous  hydrocarbons. 
In  part  it  certainly  can  be,  from  the  known  behaviour 
of  these  bodies,  but  it  is  still  posable  that  it  may  in 
part  arise  also  by  the  decompoation  of  a  condensed 
"  cellulosic  "  complex  from  which  hydroxyl  groups  have 
been  previously  eliminated  at  lower  temperatures. 
Further  investigatioi)  will  be  needed  before  this  point 
can  be  finally  cleared  up. 
(3)  That  it  is  unanimously  agreed  that,  as  Wheeler  discovered, 
aromatic  hydrocarbons  of  the  benzene  series  are  not 
found,  except  in  quite  negligible  quantities,  among  the 
condensable  low  temperature  products,  which  apparently 
consist  mainly  of  cyclic  hydroaromatic  products,  together 
with  smaller  proportions  of  the  higher  olefines  and  some 


(4)  That  the  question  of  bow  far  the  formation  of  aromatic 

hydrocarbons  of  the  benzene  series  at  higher  temperatures 
can  be  accounted  for  by  the  dehydrogenation  of  the 
hydroaromatic  rings,  or  how  far  it  may  be  necessary 
to  invoke  (as  D.  T.  Jones  suggests)  the  aid  of  olefine 
condensations  in  such  connection,  is  one  which  future 
investigations  must  decide.  It  seems  generally  agreed, 
however,  that  acetylene  plays  but  an  in^gnificant 
r6U  in  coal  tar  fonnation. 

(5)  Another  moot  point  is  whether  phenolic  bodies  are  primarily 

produced  at  low  temperatures;  here  the  availaUe 
evidence  is  not  altogetl^r  satisfactory,  for  whilst  Jones 
and  Wheeler  have  asserted  that  they  occur  to  an  extent 
of  between  12  and  15  per  cent,  in  the  tars  produced 
from  British  bituminous  coals  up  to  430°,  Pictet  and  his 
collaborator  found  less  than  2  per  cent,  of  them  in  the 
"  vacuum  tars  "  obtained  by  distilling  a  French  bitumin- 
ous coal  at  450°  under  a  pressure  of  15  to  20  m.m.  Also, 
the  independent  confirmation  of  Jones  and  Wheeler's 
observation  of  the  occurrence  of  homologues  of  naphtha- 
lene in  low  temperature  tars  will  be  awaited  with  fnterebt. 
(6)  The  systematic  exploration  of  the  character  of  the  risinic 
constituents  of  coals  will  afford  abundant  opportunities 
for  chemical  research,  and  finally,  the  eluddation  u!  the 
nature  and  modes  of  decomposition  of  the  "amnionia- 
yielding "    nitrogenous    constituents,    so    consieipnti" 
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ignored  by  the  chemists  whose  researches  have  been 
reviewed  in  this  chapter,  is  an  aspect  of  the  main  problem 
which  greatly  needs  attention. 

That  differences  should  have  arisen  between  competent  investi- 
gators, both  in  regard  to  observations  of  fact,  as  well  as  in  inter- 
preting such  facts  as  conmiand  unanimous  assent,  will  cause  no 
surprise  when  the  great  complexity  of  the  coal  substance  and  its 
behaviour  are  considered.  Indeed,  as  in  most  other  branches 
of  scientific  work,  it  has  been  through  the  conflict  of  opinion 
based  upon  honest  and  disinterested  research  that  the  truth  has 
at  length  emerged.  And  from  the  stricken  field  all  who  have 
worthily  contended  may  retire  with  equal  honours. 
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CHAPTER  VIII 

THE  CHEHICAX.  COMPOSITION  OF  COAL  {contd.) 

P.     Some    Sbcondary    I>bcohi>o31T10HS    av 
Primary     Distillation    Products 
Carbohisatioh 

Theories  as  lo  the  Formation  of  Aromatic  Compounds 

Although  certain  aspects  of  the  secondary  decompositions 
and  interactions  of  the  primary  distillation  products  have  been 
incidentally  touched  upon  in  the  preceding  chapter,  the  subject 
is  sufficiently  important  to  warrant  separate  and  fuller  treat- 
ment. It  is,  however,  so  many-sided  and  complicated  that  the 
present  review  of  it  must  therefore  necessarily  be  restricted 
to  a  few  of  its  principal  features.  Moreover,  although  high 
temperature  carbonisation  is  now  a  highly  developed  branch  of 
chemical  industry,  it  is  not  proposed  in  this  chapter  to  deal 
with  either  purely  technical  problems  or  the  mechanical  details 
of  large  scale  plant  and  operations.  What  we  would  rather 
essay  to  do  is  to  indicate  the  trend  of  recent  discoveries  and 
investigations  in  regard  to  some  of  the  basic  principles  under- 
lying aU  industrial  high  temperature  practice. 

With  regard  to  the  manufacture  of  coal  gas,  M.  St.  Oaire 
Deville  has  pubUshed  the  following  table  embodying  the  results 
of  gas-maMng  tests  upon  five  typical  bituminous  coals  carried 
out  on  the  testing  plant  of  the  Paris  Gas  Works.  Judging  from 
the  results,  the  carbonising  temperature  probably  did  not  muo* 
exceed  goo"  C. 
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^\3LE   XXXIII 

S    Z.'IT^jtrMSKTS  UPON  COALS  AT  THX  PaKIS 

-•.^  Works 


— 

t. 

2. 

3. 

4. 

1 
5- 

5*06 
i-oo 
556 

86-97 
5*37 

I'OO 

6-66 

85-89 
5-40 
i-oo 
7-71 

8337 

5-53 
i-oo 

xo-xo 

81-66 

5-^ 
i-oo   , 

11-70 

■                 ^^^ 

2*17 

270    1 

3-31 

4-35 

6-17 

• 

3*40 

4-55 
^3- id 

15-08 
4-65 
5-22 

68-41 

15-81 
5-08 
680 

66*  20 

16-95 

;  5-48 

8*62 
62-66 

X7*oo 

5*59 

9-S6 

60-73 

% 

1*47 
0-06 

-U-37 
54' -X 

158 
7-19 
4*oi 

34-43 
53^79 

1-72 

8*21 

4-94 

3503 
50*10 

2-70 

1     985 

1     5-58 

36-42 

1  45*45 

1 

313 

"•93 

5-54 

3714 
45-26 

—  • 

^y5^ 

0*376 

0-399 

0441 

0-482 

A<  :he  results  of  experiments  carried 
>^^  *%-tb  a  tj^ical  British  gas  coal  on 
.>^L:va  plant  at  the  Birmingham  Gas 

.::a.ri:es  were  carbonised  in  6  hours, 
.  r  .vrt  being  successively  raised  in  each 
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-•^.^L.^tsxTs  AT  TBS  Birmingham  Gas  Works 


%  Comporitioa  of  Gm. 


-t;--* 


€0^      OX     CHffi.  CH«.  :    Bf.    ;N|  +  0] 

•vx*     r-t  8-05    4*78  34*1  '  40-2  j  9*68 

^     i-So  9-40    5-20  33*7    43-3  ■   5-10 

*^     jt'oo  lo-io    4«oo  34-5    42-7  j  5*20 

^    i>a5  ioK>S    3-96  31-4    41-5  j  9-26 


.V  rt    v*nly  show  the  average  com- 
.i.  N>ni>in^  the  coal  at  the  tern- 
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peratures  named.  As  the  carbonisation  proceeds,  and  the  heat 
penetrates  more  and  more  into  the  decomposing  charge,  its  tem- 
perature is  gradually  raised,  and  the  stream  of  gases  and  vapours 
evolved  not  only  slackens,  but  it  has  to  traverse,  at  a  progressively 
slower  rate,  a  region  of  increasing  temperature  in  the  retorts. 
Hence  the  quality  of  the  gas  naturally  falls  off  rather  rapidly 
after  the  first  hour  or  so  of  the  carbonisation  period ;  the  percen- 
tages of  methane,  ethylene,  and  benzene,  or  in  other  words  of 
the  hydrocarbons  generally,  diminish  whilst  that  of  the  hydrogen 
progressively  increases.  This  is  shown  in  the  following  table, 
which  gives  the  composition  of  the  gas  evolved  at  different  times 
during  the  carbonisation  period  for  a  retort  charged  with  a 
Derbyshire  coal  which  was  being  carbonised  at  about  950°  C. 

TABLE  XXXV 


Hours  after  Commencement. 

0-5. 

1-5. 

2-5. 

3-5. 

50. 

Percentage       co' 
Composition    ^  u   ' 
ofthe      ^  S?P» 
Crude  Gas      g"* 

In,"  : 

3-8 
3.0 

tt 

49-7 
29*8 

o«7 

31 

2-8 

50 

5-2 

42*0 

37-5 
4*4 

2*8 
2'6 

4-9 
3-6 

39-4 
42*2 

4-5 

2*1 

2-3 
4-5 

2-4 

37*5 
46*2 

50 

1-2 

H 

ml 
26*3 
6o-8 

6*2 

The  composition  of  a  purified  "  coal  gas,"  as  distributed  from 
the  works  to  consmners,  will  usually  vary  between  the  following 
limits: — ^ 


Carbon  dioxide 

Carbon  monoxide    . 

Ethylenic  Hydrocarbons 

Benzene  Hydrocarbons 

Methane 

Hydrogen 

Nitrogen 


Per  cent. 

O'O  to   3*0 

5-0 

„  100 

2'0 

n  40 

0-5 

„   i-o 

300 

n  350 

40-0 

n  55  0 

5-0 

„  100 

In  the  manufacture  of  hard  metallurgical  coke,  as  carried 
out  in  the  newer  types  of  by-product  ovens,  the  temperatures 
attained  by  the  charge  (1100-1200°  C.)  are  rather  higher  than 
those  usually  prevailing  in  gas-works  retorts,  which  circumstance 

^  These  figures  refer  to  a  "  straight "  coal  gas  without  admixture  of 
water  gas  which  has  not  been  "  stripped  "  of  its  benzene  hydrocarbons. 
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is  reflected  in  a  somewhat  lower  average  quality  of  gas.  A  good 
coking  coal  containing  30  per  cent,  of  volatile  matter  will  yield, 
besides  practically  the  theoretical  amount  of  coke,  from  3-5  to 
4*5  per  cent,  of  its  weight  of  tar,  from  2*5  to  3-0  gallons  of  crude 
"  benzol "  (containing  benzene  and  its  homologues),  ammonia  cor- 
responding to  from  20  to  30  lb.  of  the  sulphate,  and  from  10,000 
to  12,000  cub.  ft.  of  gas  containing  (after  removal  of  H^S) : — 


Carbon  dioxide     . 
Carbon  monoxide. 
Ethylenic  Hydrocarbons 
Methane 
Hydrogen     . 
Nitrogen 


Per  cent. 

2-0  to 

40 

50  „ 

100 

20  „ 

30 

250  „ 

330 

450  „ 

550 

5-0  „ 

15-0 

The  high  temperature  tars  obtained  in  the  manufacture  of 
towns  gas,  or  from  coke-oven  installations,  are  all "  aromatic  "  in 
character,  containing  benzene,  toluene,  xylenes,  pyridine  bases, 
phenol  and  cresols,  anthracene,  naphthalene,  and  also  a  so-called 
"  free-carbon  "  which,  however,  always  contains  some  hydrogen 
and  is  possibly  composed  of  very  dense  and  complex  hydrocarbons 
which  are  insoluble  in  the  tar.  The  specific  gravities  of  these  tars 
vary  between  1*07  and  1*25,  thinner  and  lighter  tars  being  obtained 
when  the  coal  is  distilled  in  the  newer  "  vertical "  rather  than  in 
the  older  "  horizontal "  gas  retorts,  whilst  coke-oven  tars  are  as 
a  rule  intermediate  between  the  two.  When  fractionally  distilled 
in  a  laboratory  test  they  are,  in  the  first  instance,  usually  divided 


into : — 


(i)  Water  and  Light  Oils 

(2)  Middle  Oils 

(3)  Heavy  Oils 

(4)  Anthracene  Oil . 

(5)  Residual  Pitch  . 


B.P.  •  C. 

up  to  170** 

170  „  230^ 

230  „  270^ 

above  270** 

above  360** 


The  composition  of  a  representative  coke-oven  tar  maybe  judged 
from  the  following  particulars  of  the  results  of  a  distillation 
trial  in  which  over  1000  tons  of  a  North  of  England  Coke-oven 
Tar  were  fractionated  during  a  five  weeks'  run  of  the  plant,  each 
ton  of  tar  yielding : — ^ 

^  These  results  are  reproduced,  by  the  kind  permission  of  the  publishers, 
from  p.  146  of  ^the  late  Mr.  G.  Stanley  Cooper's  book  on   By-Product 
Coking  (Benn  Bros.,  Ltd.,  London,  1917)  to  which  the  reader  is  referred 
particulars  about  Tar  Distillation. 
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Containing 
■   6'5  galls,  3  per  cent,  NHg 

117  per  cent,  benzene 
17-5  per  cent,  toluene 
12-5  per  cent,  solvent  naphtha 
(xylene) 
2-5  per  cent,  pyridine  bases 
3-0  per  cent,  tar  acids 
25-0  per  cent,  naphthalene 
■■  23-6  gal]s./i5-6  percent,  phenol  and  cresols 
I350  per  cent,  naphthalene 
4I-I  galls. /8-4  per  cent,  phenol  and  cresols 
128-0  per  cent,  crude  naphthalene 
17-3  ealls.'l 

|20  per  cent,  crude  anthracene 

II  cwt.,  having  a  twisting  point  of  55°  C. 


(2)  Crude  Naphtha  = 
(Sp.  Gr.  0-936) 


(3)  Ligkl  OU 

(Sp.  Gr.  loii) 

(4)  Creosote  Oil       = 

(Sp.  Gr.  1-049) 

(5)  Anthracene  Oil  = 

(Sp,  Gr.  1-090) 

(6)  Pitch 


The  chief  differences,  therefore,  between  the  products  obtained 
by  the  distillation  of  a  bituminous  coal  at  low  and  high  tempera- 
tures, respectively,  may  be  summarised  as  follows  : — 

TABLE  XXXVI 


Low  Temperature 
DistiUation. 
iSo' to  sso'C 

High  Temperature 

DistiUation. 

900°  to  1 100"  C. 

G<u. 

1000  to  3500  cub.  tt.  per 
ton    consisting  chieQy  of 
methane,      etJiane,      and 
other    paraffins,    together 
with  olefines  and  less  than 
15  per  cent,  of  hydrogen. 

9000  to  11,000  cub.  ft.  per 
ton,   consisting  chiefly  of 
methane    (.5   to     35   per 
cent.)    and   hydrogen    (43 
to     55     per    cent.).    No 
paraffins      higher      than 
methane. 

Tars. 

7  to    10  per  cent.,  con- 
sisting chiefly  of  paraffins 
and    naphthenes    (hydro- 
aromatic      hydrocariKtns) , 
but  no  benwaoid  deriva- 
tives, together  with  a  soft 
pitch   containing   no   free 
carbon. 

4    to    7   per   cent.,   con- 
sisting chie&y  of  aromatic 

pyridine    bases,    phenols, 
naphthalene,    anthracene, 
etc.,  together  with  a  hard 
pitch  containing  free  car- 

Ammonia 

5  to  7  lb.  per  ton. 

no  to  30  lb.  per  ton. 

Rtsidut. 

A  "  semi-coke  "  contain- 
ing op  to  15  i>er  cent,  of 

"  voUtiles." 

A   bard    coke    consisting 
principally  of  carbon  and 
ash. 
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If  the  characteristic  high  temperature  aromatic  coal  distillation 
products  are  regarded  as  having  resulted  from  the  secondary 
decompositions  and  interactions  of  such  primary  products  as 
methane,  ethane,  propane  •  .  .  ethylene,  propylene  .  •  .  hexa- 
hydrobenzenes  .  .  .  during  which  hydrogen  is  continuously 
eliminated,  as  shown  both  by  its  increasing  prominence  in  the 
gaseous  products  at  high  temperatures,  as  well  as  by  the  highly 
complex  hydrocarbons,  or  carbon,  produced,  it  is  of  interest  to 
enquire  how  far  chemical  science  can  define  the  conditions  and 
mechanism  of  such  changes.  This  naturally  brings  us  to  the 
discussion  of  the  formerly  much-controverted  question  of  the 
thermal  decompositions  of  the  simpler  hydrocarbons,  and  the 
physical  conditions  which  favour  them. 

It  has  been  well  known  for  nearly  a  century  that  under  the  in- 
fluence of  dull  red  heat  some  of  the  simpler  hydrocarbons  undergo 
profound  changes,  but  it  was  not  until  after  1863-^,  mainly  as 
the  result  of  the  pioneering  researches  of  Berthdot,^  that  the 
subject  became  ripe  for  systematic  development  in  either  its 
experimental  or  theoretical  aspects. 

As  the  result  of  an  extensive  series  of  rapidly  executed  experi- 
ments, Berthelot,  who  in  1859  ^^^  re-discovered  the  hydrocarbon 
acetylene,  the  remarkable  properties  of  which  he  was  the  first 
to  explore,  put  forward  his  well-known  general  theory  concerning 
the  ways  in  which  the  denser  aromatic  hydrocarbons  may  be 
produced  at  red  heat  from  even  the  simplest  paraffins  and  ole- 
fines.  He  assigned  to  acetylene  a  rdle  of  unique  importance 
as  the  "  pivot "  of  the  whole  system.  Indeed  he  described  this 
hydrocarbon  as  "  le  produit  uUime  des  ddcompositions  pyro- 
genies  .  .  .  generaieur  fondamental  des  carbures  pyrogenies  "  in 
that  it  exhibits  in  an  exceptional  degree  the  power  of  poly- 
merising and  of  condensing  either  with  hydrogen  or  aromatic 
hydrocarbons  at  high  temperatures. 

Berthelot  based  his  theory  upon  the  assumption  that  no 
hydrocarbon  (not  even  acetylene)  is  ever  directly  resolved  into 
its  elements  by  heat,  but  that  its  primary  decomposition  alwaj^ 
involves  either  a  polymerisation  {e.  g.  acetylene  to  benzene),  or 
a  coalition  of  two  or  more  molecules  to  form  a  denser  one  with 
elimination  of  hydrogen.  Thus  in  the  case  of  the  simplest 
hydrocarbons,  he  assumed  the  following  alternative  primary 

»  Ann,  Chem.  Phys,,  1863  (iii.),  d7.  53;  x866  (iv.),  9,  413.  455:  1867  (iv.), 
12,  5.  X22;  X869  (iv.),  16,  143,  148.  153.  162. 
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changes  of  which  {b)  was  considered  a 
probable : — 


the  more  frequent  and 
=  C,H,  +  H, 


Ethylene 


m  jCH,  =  C,H,  +  3H, 
da]  C,H.  -  C,H.  +  H, 
US    2C,H,  -  2CH.  +  C,H, 
jWCft.   -C,H,  +  H, 
\(6)  2C,H,  -  C,H,  +  C-H, 


The  acetylene  produced  in  what  were  regarded  as  the  more 
probable  changes  (b)  would,  it  was  further  supposed,  rapidly 
polymerise  to  t)enzene,  which  in  turn  would  coalesce  with 
more  acetylene  forming  styrolene,  naphthalene,  anthracene,  etc., 
according  to  the  following  scheme  : — 


3(HCiCH)=HO 
ACETYLEKE 


;CH  +  HC1CH-HC! 


HCl  ICH     HCiCH     HC! 


H 

Benzene 


+  H, 


Naphthalene 
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(4) 


HC 
HC 


H 
C 


CH  HC 

-|-HC:CH  + 
CH  HC 


C 
H 


C 
H 


C  C 

H  H 

Anthracene 


H 
C 


C 
H 


CH 
CH 


+  2Hg 


Following  the  same  line  of  reasoning,  Beithelot  supposed 
that  it  is  by  the  further  mutual  coalition  of  such  dense  hydro- 
carbon molecules,  with  the  elimination  of  hydrogen  at  each 
stage,  and  in  no  other  way,  that  carbon  is  at  length  obtained  as 
the  final  product  of  the  decomposition  of  an  extremely  complex 
molecular  aggregation. 

Moreover,  in  elaborating  this  idea,  he  convinced  himself 
that  the  successive  changes  involved  in  the  decomposition  of 
any  particular  hydrocarbons  are  usually  either  all  individually 
reversible,  or  may  be  so  grouped  as  to  form  a  series  of  reversible 
cycles,  and  that  therefore  at  any  given  temperature  there  would 
finally  be  established  a  complex  state  of  d3mamic  equilibrium 
between  hydrogen,  methane,  ethane,  ethylene,  acetylene,  benzene, 
styrolene,  diphenyl,  naphthalene,  anthracene  .  .  .  and  carbon.^ 

^  Berthelot's  views  are  summarised  in  the  following  passage  from  one 
of  his  memoirs  (Ann.  Chim.  Phys.,  1866  (iv.),  9»  471)  :  .  .  .  que  la  decom- 
position immediate  d'un  carbure  d'hydrog^e  ne  r^pond  pas  k  sa  resolution 
en  elements,  mais  k  sa  transformation  en  polymeres,  ou  en  carbures  plus 
condenses  avec  perte  dliydrogene.  Cette  transformation  ne  s'effecte  point 
d'aiUeurs  k  une  temperature  absolument  fixe  et  comparable  k  celle  d'ebuUi- 
tion  d'un  li^uide ;  mais  elle  s'opere  pendant  un  vaste  intervalle  de  tempera- 
ture compns  entre  le  rouge  sombre  et  le  rouge  blanc ;  durant  cet  intervalle 
le  carbure  est  decompose  en  proportion  d'autant  plus  forte  et  avec  une 
Vitesse  d'autantplus  grande  que  la  temperature  est  plus  eievee.  .  .  .  Entre 
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Such  a  theory,  it  must  be  admitted,  is  a  singularly  attractive 
one.  Ii  would  explain  how,  at  the  temperatures  prevailing 
in  gas  retorts,  even  the  simplest  of  hydrocarbons  can  be  trans- 
formed, through  a  whole  series  of  successive  condensations  and 
intermediate  products,  into  the  most  complex,  and  the  assumption 
of  the  attainment  at  each  temperature  of  a  state  of  mobile  equi- 
librium in  such  a  system  of  reversible  interactions  fits  in  well 
with  the  modem  thermod3mamical  conception  of  chemical 
changes  in  general.  In  no  case,  however,  was  the  actual 
attainment  of  such  a  complex  state  of  equiUbrium  in  this  "  hydro- 
gen-hydrocarbon-carbon "  system  ever  proved  by  any  quantitative 
measurement ;  it  was  considered  sufficient  to  obtain  qualitative 
evidence  of  the  reversibilities  of  some  of  the  principal  individual 
reactions  concerned,  and  then  to  deduce  the  general  theory  by 
the  application  of  first  principles. 

The  theory,  emanating  as  it  did  from  so  distinguished  an 
investigator  as  Berthelot,  naturally  conmianded  a  good  deal  of 
support,  and  it  was  revived  in  a  modified  form  by  the  late  Vivian 
B.  Lewes  in  connection  with  his  well-known  views  respecting  the 
luminosity  of  hydrocarbon  flames.^ 

It  should,  however,  be  noted  that  whilst  Lewes  agreed  with 
Berthelot  in  regarding  acetylene  as  a  principal  and  primary 
product  of  the  decomposition  of  both  methane  and  ethylene,  and 
as  responsible  for  the  formation  of  aromatic  hydrocarbons,  he 
differed  from  Berthelot  in  considering  it  capable  of  direct  decom- 
position into  its  elements  at  high  temperatures  with  explosive 
effect  (due  to  its  endothermic  character).  Indeed  Lewes's  theory 
of  the  luminosity  of  hydrocarbon  flames  was  based  upon  the 
belief  that  in  the  inner  zone  of  a  coal-gas  flame  the  hydrocarbons 
are,  under  the  influence  of  radiant  heat  from  the  outer  envelope, 
largely  converted  into  acetylene,  which  at  the  still  higher  tempera- 
tures of  the  luminous  region  is  resolved  into  its  elements,  the 
liberated  carbon  particles  being  raised  to  a  much  higher  tempera- 
ture than  that  of  the  surrounding  flame,  consequent  upon  the 
sudden  disengagement  of  the  energy  originally  locked  up  within 
the  acetylene  molecules. 

Lewes  represented  the  primary  decomposition  of  methane  and 

chaque  genre  de  reaction  et  la  reaction  r^ciproque  il  s'6tablit  frdquemment 
one  sort  d'dquilibre  mobile,  variable  avec  la  temperature  et  les  corps  qui 
se  trouvent  en  prdsence,  ^q^uilibre  analoque  k  celui  qui  se  produit  tors  la 
dissociation  des  composes  bmaires." 
^  Joum.  Chem.  Soc.,  1892,  69,  322;  Proc,  Roy,  Soc,  1894,  66,  90;  1895, 

57*  394  ^^<1  450- 
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ethylene  by  the  following  equations  wliich  are  either  identical 
with,  or  similar  to,  those  postulated  by  Berthelot : —  ^^H 

(i)     2CH«   =C,Hg  +  3H,.  fl 

(ii)     3CjH^  =  2C,H,  +  2CH4.  ^| 

Sucli  then  is  the  "  acetylene  "  theory  of  the  pyrogenetic  formation 
of  aromatic  hydrocarbons,  both  in  its  original  and  in  its  modified 
form.  And  it  must  be  admitted  that  independent  experiments 
made  even  by  its  opponents  have  proved  that  not  only  does 
acetylene  polymerise  to  benzene  at  500°  to  700°.  as  postulated  by 
Berthelot,  but  that  it  also  decomposes  explosively  into  its  ele- 
ments at  still  higher  temperatures  (above  800°)  as  Lewes  always 
maintained.  Nevertheless  it  seems  to  the  writer  that  thi  theory 
must  now  be  abandoned  on  the  grounds  principally  {1}  that  in  fact 
acetylene  is  not  necessarily  a  prime  or  principal  product  of  the 
decomposition  of  methane,  ethylene,  ethane,  etc.,  as  both  Berthe- 
lot and  Lewea  have  asserted ;  (2)  that  acetylene  is  never  present 
anywhere  in  a  gas  retort  in  amounts  sufficient  to  warrant  its 
being  regarded  as  even  the  principal,  much  less  the  only, 
progenitor  of  the  aromatic  hydrocarbons,  as  Berthelot  stipulated ; 
and  (3)  that  the  formation  of  aromatic  hydrocarbons  can  be 
satisfactorily  accounted  for  in  otiier  and  more  probable  ways. 

Before,  however,  considering  the  modes  in  which  the  simpler 
hydrocarbons  decompose  at  high  temperatures,  attention  may  be 
drawn  to  certain  facts  which  have  been  estabUshed  concerning 
the  behaviour  of  some  of  the  higher  paraffins  than  methane  and 
ethane.  In  1873  T.  E.  Thorpe  and  J.  Young,'  as  the  result  of 
an  investigation  on  the  combined  action  of  heat  and  pressure  on 
the  paraffins,  concluded  that  the  primary  decomposition  gives 
rise  to  an  olefine  and  a  lower  paraffin  without  loss  of  hydrogen 
somewhat  as  follows  : —  ^M 

CHsCH,-CH,CH3-  =  CHj  CHa  +  CHjXH^.  H 

["  Moreover,  in  1886,  H.  E.  Armstrong  and  A.  K.  Miller,  *  during  ah 
exhaustive  investigation  of  the  products  obtained  in  the  manu- 

1  facture  of "  oil  gas  "  from  petroleum,  found  considerable  quantities 

L  of  ethylene  and  normal  olefines  of  the  type  (C„Ha,+i)CH:CHj, 

■  up  to  and  including  «-heptylene,  as  well  as  of  benzenoid  hydro- 

I  carbons,     They  also  drew   particular  attention  to  the  almost 

P  entire  absence  of  acetylene  or  its  homologues,  and  suggested  the 

V  possibility  of  the  direct   formation  of  aromatic  hydrocarbons 


»  Froe.  Roy.  Soe.,  81,  p.  1S4.  ■  Joum.  Chem.  Soc.,  49,  p.  ji- 
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from  the  corresponding  paraffins  (say  benzene  from  hexane) 
without  the  interaction  of  acetylene. 

Finally,  in  1896,  F.  Haber  ^  published  a  paper  on  the  decom- 
position of  the  higher  hydrocarbons,  in  which  he  vigorously 
assailed  the  theories  of  both  Berthelot  and  Lewes,  and  proved 
conclusively  that  in  the  case  of  n-hexane,  which  was  selected 
as  being  the  paraffiji  most  nearly  related  to  benzene,  the  primary 
decomposition  at  temperatures  between  600**  and  800°  C.  involves 
the  elimination  of  methane  and  the  formation  of  the  next  lower 
olefine,  amylene,  without  any  appearance  of  acetylene  whatsoever, 
a  behaviour  which  he  regarded  as  typical  of  all  the  higher  paraffins, 
thus : — 

CH,(CHJ„CH,CH,CH,  =  CH,(CHj)„CH:CH,  +  CH4. 

In  the  aromatic  series,  however,  he  recognised  a  marked  dispo- 
sition to  form  more  complex  molecules  with  the  ehmination  of 
hydrogen,  e,  g.  diphenyl  from  benzene,  thus  : — 

HC    CH  HC    CH  HC    CH      HC    CH 

HC/~\CH  +  HC/~NCH 


HC    CH  HC    CH 


n(j(^^(:  -  c(~ycYi  +  H, 

HC    CH      HCCH 


It  is  interesting  to  note,  in  passing,  that  whilst  Haber  thus 
rejected  in  toto  the  Berthelot-Lewes  theories  as  untenable,  he 
nevertheless  accepted  the  then  prevaiUng  notion,  which  subse- 
quent research  has  disproved,  of  the  inherent  superior  stability 
of  acetylene  over  that  of  all  other  hydrocarbons  at  high  tem- 
peratures. For  he  stated  that,  whilst  it  polymerises  readily 
at  600^,  and  at  800°  yields  large  quantities  of  hydrogen,  it  is 
at  still  higher  temperatures  "  in  starker  Verdunnung  jedem  anderen 
Kohlenwasserstoff  an  Bestdndigkeit  ubcrlegen." 

It,  therefore,  may  be  said  that  nothing  has  been  discovered 
regarding  the  behaviour  of  the  higher  paraffins  at  600°  to  800° 
which  warrants  the  acceptance  of  the  idea  that  acetylene  is 
either  the  prime  or  principal  progenitor  of  aromatic  hydrocarbons 
in  such  pyrogenetic  decompositions.  Not  only  so,  but  it  is  now 
apparent,  both  from  the  identification  by  Pictet  and  Bouvier 
of  a  whole  series  of  "  hexahydrobenzene  "  hydrocarbons  in  low 
temperature  coal-tars  (see  p.  112  hereof),  as  well  as  from  the 
recent  researches  of  D.  T.  Jones  upon  the  decomposition  of 
such  hydrocarbons  by  heat  (p.  114),  that  another  and  far  more 

^  Ber,,  28,  p.  2191. 
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probable  source  of  aromatic  hydrocarbons  in  high  temperature 
tars  has  been  discovered,  and  that  there  is  therefore  no  need  for 
the  chemist  to  invoke  any  longer  the  aid  of  acetylene  in  this 
connection. 

The  work  of  W.  A.  Bone  and  H.  F.  Coward  ^  upon  the  behaviour 
of  the  simpler  hydrocarbons  at  temperatures  between  500°  and 
1200**  C,  which  has  already  been  referred  to  in  the  preceding 
chapter,  may  now  be  more  fully  considered  in  its  bearings  upon 
the  secondary  interaction  occurring  in  the  gas  retort.  Their 
experiments  were  carried  out  in  such  a  manner  that  the  pure 
dry  gases  (methane,  ethane,  ethylene,  and  acetylene),  usually 
undiluted,  but  sometimes  diluted  either  with  nitrogen  as  an  inert 
gas  or  with  hydrogen  as  a  "  hydrogenising  "  agent,  were  either 
shut  up  for  a  definite  interval  of  time  in,  or  caused  to  flow  through, 
a  jacketed  tube  of  BerUn  porcelain  heated  to  the  desired  tempera- 
ture, suitable  arrangements  being  installed  for  the  condensation 
of  any  aromatic  hydrocarbons  which  might  be  produced,  as  well  as 
for  the  collection  of  representative  samples  of  the  gaseous  pro- 
ducts. In  some  of  the  experiments  at  temperatures  below  800** 
the  apparatus  was  so  arranged  that  the  gases  were  continuously 
circulated  by  means  of  an  automatic  Sprengel  pump  round  a 
closed  circuit  (which  included  the  heated  tube  and  the  condensing 
and  gas-sampling  arrangements,  as  well  as  a  pressiure  gauge)  imtil 
a  state  of  constant  pressure  was  finally  attained,  the  whole  process 
being  kept  under  close  observation  from  start  to  finish  and  the 
influence  of  time  as  well  as  of  pressure  and  temperature  investi- 
gated. Also,  by  making  comparative  experiments  at  a  given 
temperature  and  pressure  with  the  reaction  tube  alternately 
packed  or  unpacked  with  suitably  sized  fragments  of  porous 
porcelain  or  lime,  the  influence  of  surface  upon  the  decomposition, 
which  in  the  case  of  methane  in  particular  is  all-important,  could 
be  established. 

Experiments  upon  methane  showed  not  only  that  it  is  by  far 
the  most  stable  of  all  the  hydrocarbons  examined,  but  also  that  it  is 
always  a  principal  product  of  the  decomposition  of  the  other  three, 
especially  at  temperatures  above  800**.  Moreover,  its  decompo- 
sition at  temperatures  between  800**  and  1200°  is,  unlike  that  of 
the  other  hydrocarbons,  entirely  a  "  surface  "  effect,  and  involves 
the  direct  formation  of  hydrogen  and  carbon,  the  latter  being 
deposited  upon  the  walls  or  packing  of  the  tube  in  a  pecuharly 

*  Joum,  Chem.  Soc,  1908,  p.  1197;  ^.^  Trans.  Inst.  Gas  Engineers, 
1908,  p.  178. 
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The  all -import  ant  influence  of  surface  was  strikingly  demon- 
strated by  two  comparative  experiments  at  1015°  to  1030°,  the  one 
with  the  reaction  tube  unpacked,  in  which  35  per  cent,  of  the 
original  methane  was  decomposed  in  an  hour ;  and  the  other  with 
a  packing  of  fragments  of  quicklime,  in  which  no  less  than  96  per 
cent,  of  the  hydrocarbon  disappeared  \vithin  25  minutes,  whilst 
at  the  end  of  an  hour,  when  final  equilibrium  had  been  established 
in  the  system,  only  about  i  per  cent,  of  it  remained. 

Another  characteristic  feature  of  the  methane-decomposition 
is  the  fact  that  whenever  a  highly  concentrated  gas  was  admitted 
into  the  heated  reaction  tube,  the  observed  rate  of  decomposition 
was,  during  the  first  few  minutes,  always  proportional  to  some 
high  power  of  the  concentration,  but  that  afterwards  it  rapidly 
approached,  and  finally  attained,  a  value  corresponding  to  a 
simple  reaction  of  the  first  order.  The  facts  as  a  whole  seemed 
to  be  consistent  with  the  view  that,  whenever  highly  condensed 
layers  of  methane  are  decomposing  in  contact  with  a  surface  at 
800°  or  above,  conditions  may  be  produced  under  which  the 
formation  of  acetylene  and  even  benzene  in  minute  quantities 
becomes  possible,  owing  to  the  abnormally  liigh  surface  concen- 
tration ;  but  that  with  the  disappearance  of  such  conditions,  the 
normal  monomolecular  decomposition  of  the  gas  directly  into  its 
elements,  which  is  always  dominant  under  all  conditions,  exclu- 
sively prevails,  after  which  neither  acetylene  nor  benzene  is 
formed  at  all.  Certainly  the  experimental  results  taken  as  a 
whole  were  inconsistent  with  the  supposition  that  acetylene  is 
a  primary  decomposition  product,  even  in  those  experiments  in 
which  its  formation  could  just  be  detected,  the  main  change 
always  being  in  accordance  witli  the  equation  : — 

CH,  ^-^C  -1-  2H. 

The  experiments  therefore  showed : — (i)  that  the  secondary 
decompositions  of  methane  occurring  at  temperatures  above 
800°  C,  in  either  a  gas  retort  or  a  coke  oven  are  practically,  if  not 
entirely,  confined  to  the  gas  which  actually  comes  in  contact  with 
heated  surfaces  such  as  are  presented  by  the  walls  of  the  retort  or 
by  the  hot  charge  of  carbonised  fuel ;  (2)  that  such  decompositions 
are  much  slower  than  those  of  the  higher  paraffins  or  olefines, 
owing  to  the  greater  stability  of  methane;  and  (3)  that  whilst 
the  peculiarly  hard  and  lustrous  form  of  the  carbon  deposited 
from  the  gas  as  it  slowly  decomposes  at  temperatures  between  800° 
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and  1200"  may  iafluence  the  properties  of  the  resulting  coke,  the 
yields  of  benzene  or  aromatic  hydrocarbons  are  hardly  Ukely  to 
be  afiected  in  any  measurable  degree  by  methane-decompositions. 
In  the  case  of  the  other  three  hydrocarbons  investigated  it 
soon  became  clear  that  we  no  longer  had  to  do  with  a  mere  surface 
effect,  as  was  the  case  with  methane,  but  with  one  which  is  pro- 
duced throughout  the  whole  body  of  the  gas  by  heat  radiated  from 
the  walls  of  the  hot  enclosure.  Decomposition  was  always  very 
rapid  in  all  three  cases  at  temperatures  above  800°,  as  the  following 
will  show : — 

TABLE  XXXIX 


Composition  0 

F  TBK  Gasbods  Products. 

HTdK-arton. 

£tli>ii«. 

Eihjtaa. 

^  1 

Temperature  C. 

800°. 

lOOO". 

800". 

1000°. 

8oo'. 

lOOO'. 

Time  (mim.). 

15. 

y 

15. 

5- 

IS- 

5- 

Percentage      Cfi'  .      .      . 
Composifion    C.H,  .     .     . 

ofthe        C,H,  .     .     . 

Gaseous      CH,    .     .     . 

"•5 

6465 
3410 

lis 
34'55 

ao-75 

I 

49-65 

nil 
37-65 
61 -oo 

nil 
nit 
nit 
43-0 
57-0 

It  is  not,  therefore,  surprising  that  the  gas  evolved  from  retorts 
and  ovens,  in  which  coal  is  being  carbonised  at  temperatures  of 
800°  and  upwards,  should  contain,  as  does'  towns  gas,  compara- 
tively little  ethylene,  still  less  ethane,  and  practically  no  acetylene, 
although  its  methane  content  may  be  as  high  as  35  per  cent.  And 
if,  as  has  been  shown,  the  gas  generated  below  500°  in  the 
low  temperature  distillation  of  coal  is  comparatively  rich  in 
olefines,  ethane,  and  other  paraffins,  it  is  clear  that  these  must 
in  turn  largely  undergo  secondary  decomposition  at  higher  tem- 
peratures {above  800°)  yielding,  as  the  above  results  show,  large 
quantities  of  both  methane  and  hydn^en,  as  well  as  of  other 
products. 

It  is,  therefore,  important  to  be  able  to  i»cture  the  probable 
behaviour  of  these  gases  in  the  carbonising  chamber  (a)  betMven 
500°  and  800°  and  [b)  above  800°.  In  the  cases  of  ethane  and 
ethylene  the  experimental  facts  accord  well  with  the  supposition 
that  the  primary  effect  of  beat  is  to  cause  an  elimination  of 
U3 
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hydrogen  together  with  a  simultaneous  loosening  or  dissolution 
(according  to  temperature)  of  the  bond  between  the  carbon  atoms, 
giving  rise  (in  the  event  of  dissolution)  to  residues  such  as  iCH, 
and  iCH.  These  residues,  which  can  only  have  a  very  fugitive 
separate  existence,  may  subsequently  either  (a)  form  H,C:CH, 
or  HCiCH,  as  the  result  of  encounters  with  other  similar  residues ; 
or  (6)  break  down  directly  into  carbon  and  hydrogen ;  or  (c)  be 
directly  hydrogenised  to  methane  in  an  atmosphere  of  hydrogen. 
All  these  possibihties  may  be  realised  simultaneously  in  the 
decomposing  gaseous  medium  in  proportions  dependent  upon 
the  pressure,  temperature,  and  amount  of  hydrogen  present. 
Moreover,  (d)  "  condensations "  of  nascent  molecules  such  as 
HjC-.CHj  or  HC:  CH,  in  process  of  formation  during  the  primary  de- 
hydrogenation,  are  also  possible,  especially  where  they  are  present 
in  great  concentration,  so  that  aromatic  nuclei  might  conceiv- 
ably arise  inmiediately  after  the  primary  dehydrogenation.  The 
scheme  for  ethane  and  ethylene  maybe  represented  as  follows : — 


{d)  Condensation  to 


/~\ 


+  H. 


H 


(i)H 


J- 
i 


H  4- 

1  r  '  n        f  («)  CjH^  +  H, 

(:  —  H  =  r2(:CHJ  +  H,1  = .  (6)  2C  +  2H,  +  H, 
1  '-  -^      1(c) />/msH,  =  2CH4 


(2)  H-C  =  C- H  =  r2(:CH)  +  H,]  =  - 

U         I 

(d)  Condensation  to  ^    ^ 


(a)  C,H,  +  H, 

(b)  C  +  H,  +  H. 

(c)  plus  2H,  =  2CH4 


In  the  case  of  acetylene,  the  main  primary  change  may  either 
be  one  of  polymerisation  or  of  dissolution,  according  to  the 
temperature,  and  if  the  latter,  it  may  be  supposed  that  residues 
:CH  are  first  formed,  and  subsequently  either  (a)  recombine 
with  others,  (6)  break  down  into  carbon  and  hydrogen,  or  (c)  are 
hydrogenised  to  methane,  according  to  circiunstances,  as  follows : — 


(3)HC:CH=[2(:CH)]  = 

y 


(a)  HCiCH  or  ^y 

(b)  2C  +  H,  "" 
[(c)  plus  3H,  =  2CH4 


Polymerisation 
to 


o 
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With  regard  to  the  possible  secondary  changes  («),  (6)  and  (c) 
in  such  systems,  it  may  be  supposed  that,  in  general,  the  pro- 
portion of  (b)  would  increase  with  the  temperature,  whilst  that 
of  (a)  would  be  influenced  in  the  opposite  sense.  The  occurrence 
of  (c),  which  would  obviously  depend  on  the  amount  of  hydrogen 
in  the  system  at  any  given  moment,  is  doubtless  favoured  by 
a  temperature  range  of  800°  to  1000°.  Condensations  or  poly- 
merisations (li)  in  the  system  are  essentially  what  may  be  termed 
"  low  medium"  temperature  efiects,  a  range  of  500°  to  700° 
being  certainly  a  favourable  one,  as  experiments  with  acetyl- 
ene have  proved.  Moreover,  at  temperatures  above  800°,  tiie 
secondsuy  slow  decomposition  of  methane  produced  in  all  cases 
by  the  primary  "  hydrogenation "  (c)  must  be  reckoned  with 
as  an  after-effect,  the  importance  of  which  increases  with  the 
temperature. 

Whilst  reference  must  be  made  to  the  original  memoir  for 
details  of  the  behaviour  of  the  individual  hydrocarbons  at  various 
temperatures  between  500°  and  1200°,  the  following  observations 
will  indicate  sufficiently  well  for  our  present  purpose  the  general 
tendencies  displayed  by  each. 

Although  acetylene  probably  does  not  play  any  considerable 
part  in  the  secondary  interactions  in  a  gas  retort,  yet  from  a 
study  of  its  behaviour  a  good  deal  of  information  can  be  gleaned 
about  the  ways  in  which  the  principal  types  of  secondary  changes 
are  influenced  by  temperature.  The  susceptibility  of  acetylene 
to  polymerise  between,  say,  500°  and  700"  is  easily  demonstrated, 
and  it  is  even  more  marked  at  the  higher  than  at  the  lower  tem- 
perature, as  the  following  figures  from  "  circulation  "  experiments 
indicate : — 

Percentages  of  the  Acetylene 


Polymerised,     Hydrogenated  to  CH,. 


480-500°  48  13  39 

650°  60  10  30 

At  all  temperatures  above  700°  the  tendency  to  polymerise  rapidly 
diminishes,  whilst  the  direct  resolution  into  carbon  and  hydrogen 
increases,  until  at  800°  the  undiluted  gas  undergoes  the  charac- 
teristic luminous  decomposition  first  observed  and  described  by 
V.  B.  Lewes.  About  75  per  cent,  of  the  gas  was  decomposed 
at  800°  during  this  instantaneous  "  flash  "  decompi.i'iiuon.  The 
remaining  25  per  cent,  afterwards  underwent  quiet  decomposilip" 
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during  a  period  of  over  15  minutes,  under  conditions  which 
strongly  favoured  the  hydrogenation  of  the  ICH  residues  to 
methane,  the  final  gas  containing  no  less  than  43*0  per  cent,  of 
methane  and  57*0  per  cent,  of  hydrogen. 

The  following  experiments,  in  which  a  large  quantity  of  acety- 
lene was  rapidly  drawn  through  the  heated  tube  in  such  a  way 
that  the  decomposition  at  each  temperature  was  iminfluenced  by 
the  "  flashing  "  phenomena  referred  to,  will  indicate  the  influence 
of  increasing  temperatures  above  800°  upon  the  various  types  of 
interactions  described. 

TABLE   XL 


Temperature  C*. 


8oo^ 


1000®. 


1150**. 


Percentage  of  Acetylene  polymerised. 


19. 


75. 


5-0. 


Composition 

of  the 

Gases 

issuing  from 

the  Tube 


fC.H, 

C,H. 
CH4 


1-35 

045 
0*50 

34'20 

63-50 


1-55 
2*6o 

nil 

36*00 

59-85 


nil 
nU 
nU 

23*45 
76-55 


The  behaviour  of  imdiluted  ethylene  within  the  range  of  500®  to 
700**  is  very  interesting  and  complex.  The  iCH  residues,  formed 
by  the  primary  decomposition,  at  first  rapidly  coalesced,  forming 
acetylene,  but  as  hydrogen  accumulated  in  the  system  the  tendency 
for  them  to  be  hydrogenised  to  methane  became  progressively 
more  marked.  Aromatic  hydrocarbons  were  continuously  pro- 
duced, either  by  the  secondary  polymerisation  of  acetylene  or  by 
coalescence  of  jCH  residues.  Only  a  very  small  proportion  of 
the  carbon  in  the  gas  was  liberated  in  the  free  state  (thus  at  570** 
only  0*75  per  cent,  of  it).  At  800°,  the  tendency  to  form  aromatic 
hydrocarbons  was  very  much  less,  and  the  separation  of  carbon 
larger,  than  at  the  lower  range.  The  predominant  effect  was 
the  hydrogenation  of  the  iCH  residues  to  methane.  So  marked 
is  the  last-named  tendency  that  methane  was  found  to  constitute 
as  much  as  67*7  per  cent,  of  the  final  gaseous  products  at  800** 
just  when  the  last  remains  of  the  original  ethylene  were  disappear- 
ing. At  1000°,  not  more  than  about  4  per  cent,  of  the  original 
gas  was  converted  into  condensable  aromatic  hydrocarbons 
during  the  initial  rapid  decomposition.  The  hydrogenation  of 
;CH  residues  to  methane  was  still  a  dominant  feature  of  the 
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'■i  free  carbon  to  be  liberated 

III   ethylene   at   temperatures 

1  li;U,  as  D.  T.  Jones  has  suggested, 

!  ich  are    formed   in   considerable 

rarbonisation,  may  at  the  higher 

:i  „   -  works  retorts  be  responsible  for  a 

,  ..Illation,  but  the  matter  is  one  which 

^■1  liives ligation  in  this  connection. 

■ .',  t.-xi>criments  at  675°  C.  showed  primarily 

■   the  coalescence  of  iCH,  residues  forming 

■-  in  a  diluted  condition  decomposed  via  iCH 

iiitiially,  a  mixture  of  carbon,  hydrogen,  and 

-  ■  intermediate  formation  of  acetylene.    There 

nil  yield  of  aromatic  hydrocarbons  (equivalent 

;i  4  per  cent,  of  the  original  gas)  nearly  all  in 

.lust  pure  naphthalene  (no  benzene).    Thus  the 

ethane    at    such  low  temperatures   is  in   strong 

.uat  of  either  ethylene  or  acetylene  in  respect  of 

.  .     ■   formations.     At  800°,  whilst  the  primary   :CH, 

I  showed  a  marked  tendency  to  coalesce  to  ethylene, 

,    [ogenation  to  methane  now  became  the  predominant 

nd  remained  so  until  after  a  temperature  of  1000°  had 

.-=ed.    The  amount  of  "  aromatics  "  formed  during  a 

uting  to  the  latter  temperature  was  only  about  4  per  cent. 

total  ethane  changed. 

'  ^Mrt  from  having  introduced  the  new  conception  that  the 

[11  aJ    decomposition    of    these    hydrocarbons    involves    the 

niary   formation,    by   dehydrogenation,  of    the   unsaturated 

iidues  '.CHj  and  ICH,  which  during  a  fugitive  but  really  inde- 

;. indent  existence  are  free  to  interact  with  the  surrounding 

,aseous  medium  after  their  kind,  it  may  be  claimed  that  the 

researches  in   question    have    estabhshed  the   following   facts, 

which  have  an  important  bearing  upon  the  secondary  chemical 

phenomena  in  high  temperature  carbonisation,  namely  :— 

(i)  That  the  most  favourable  temperature  range  for  "  aromatic  " 
formations  from  such  residues  as  :CH,  or  iCH  (namely, 
500°  to  800°)  lies  well  below  that  which  is  most  favoui  able 
to  the  hydrogenation  of  such  residues  to  methane 
(namely,  800°  to  1000°). 

(2)  That  within  the  aforesaid  most  favourable  range,  ethylene  is, 
by  reason  of  the  rapid  production  of  iCH  residues  during 
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its  primary  decomposition,  eminently  capable  of  generat- 
ing aromatic  nuclei,  although  in  a  less  marked  degree  than 
in  the  case  of  acetylene.  On  the  other  hand,  ethane, 
which  primarily  produces  iCHj  residues  only,  does  not 
form  aromatic  nuclei  nearly  so  readily  as  does  ethylene. 
(3)  That  methane,  whose  stabihty  exceeds  that  of  all  other 
hydrocarbons  at  high  temperatures,  is  practically  un- 
altered by  any  degree  of  heat  up  to  about  800**  C.  Between 
800**  and  1000°  it  slowly  decomposes  directly  into  its 
elements,  but  only  in  contact  with  hot  surfaces.  Above 
1000°  its  decomposition,  whilst  still  retaining  a  surface 
effect  entirely,  is  more  rapid.  The  carbon  deposited 
upon  surfaces  from  such  decomposing  methane  is  a 
peculiarly  hard  and  lustrous  metaUic  form,  which  in 
coking  operations,  may  have  an  important  influence 
upon  the  strength  and  other  properties  of  the  resulting 
coke.  A  slight  formation  of  aromatic  nuclei  from  decom- 
posing methane  can  usually  be  detected  whenever  the 
conditions  favour  the  formation  of  highly  condensed 
layers  of  the  gas  in  contact  with  the  hot  surfaces,  but  not 
otherwise. 

With  regard  to  the  formation  of  benzene  hydrocarbons  in 
gas  retorts  and  coke  ovens,  if  the  old  "  acetylene  "  theory  in  its 
original  form  must  now  be  discarded,  there  still  remain  two 
potent  causes,  namely :  (i)  the  thermal  "  dehydrogenation  "  of 
naphthenes  of  the  hydrobenzene  type,  and  (2)  the  condensation 
of  olefines  or,  more  probably,  of  the  "  unsaturated  residues  " 
produced  therefrom,  and  both  causes  probably  operate  simul- 
taneously. The  most  favoiu-able  temperatures  for  such  changes 
undoubtedly  lie  between  500**  and  800**  C,  and  if  the  factor  of 
time,  as  well  as  of  stability,  is  taken  into  account,  we  shall  prob- 
ably not  be  far  wrong  in  assuming  a  somewhat  narrower  range 
of  (say)  650°  to  750**  C.  as  that  which  would  in  practice  give 
the  best  yields  of  benzene  and  its  homologues. 
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THE   CHEMICAL   COMPOSITION    OF  COAL   {cOtUd.) 


It  has  long  been  known  that  bituminous  coals  are  not  only 
liable  to  spontaneous  heating  and  combustion,  but  also  that  they 
deteriorate  on  storage,  both  as  regards  calorific  power  and 
coking  properties.  All  these  circumstances  are  due  to  the  fact 
that  all  coals,  some  much  more  so  than  others,  absorb  and 
slowly  combine  with  oxygen  on  exposure  to  the  air  even  at 
ordinary  temperatures.  This  atmospheric  oxidation  or  weather- 
ing of  coals  is  an  action  which  goes  on  slowly  and  continuously 
whenever  they  are  stored  or  handled  with  free  access  of  air.  It 
continues  with  increasing  rapidity  as  the  temperature  rises,  and 
always  generates  heat  which,  if  allowed  to  accumulate,  may 
ultimately  give  rise  to  spontaneous  ignition.  And  even  when 
precautions  are  taken  to  prevent  such  accumulations,  and 
therefore  any  senMble  heating  of  the  mass  of  coal,  the  oxidation 
nevertheless  goes  on  all  the  same,  and  causes  an  appreciable 
diminution  in  the  heating  value  of  the  coal.  For,  as  two  American 
investigators  have  well  put  it,  "  any  beating  of  coal  in  the  pile 
represents  just  so  much  heat  that  will  not  be  available  later  under 
t\x  boiler."  ^ 

The  subject  is,  therefore,  one  of  considerable  economic  import- 
ance, touching  as  it  does  not  only  the  safety  of  coal  mines,  i.  e. 
the  occurrence  of  what  are  termed  "  gob  fires  "  in  the  mines, 
due  to  undergrotmd  conditions  which  are  peculiarly  favourable 
to  a  cumulative  heating  effect,  but  also  the  storage  of  coal  in 
bulk,  and  especially  its  oversea  transport  in  ships. 

It  may  here  be  stated  that,  although  theoretically  all  coats 
are  liable  to  the  spontaneous  oxidation,  anthracites  and  antlira- 
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citic  coals  are  so  little  affected  that  they  may  be  con 
practically  immune  from  appreciable  deterioration  on  weather- 
ing, Hence  they  may  be  regarded  as  almost  ideal  solid  fuels 
for  storage  or  oversea  transport.  Most  bituminous  coals  are, 
however,  so  appreciably  affected  that  they  always  deteriorate 
on  storage. 

Until  past  the  middle  of  last  century  the  liability  of  coals  to 
spontaneous  heating  was  generally  attributed  primarily  to  the 
presence  of  iron  pyrites  therein,  on  the  mistaken  supposition 
that  the  coal  substance  is  relatively  inactive  towards  atmospheric 
oxygen  at  ordinary  temperatures.  It  was  thought  that  the  heat 
generated  by  the  oxidaUon  of  the  supposedly  much  more  sus- 
ceptible pyrites  would,  in  favourable  circumstances,  be  sufficient 
to  raise  the  temperature  of  the  coal  substance  to  such  a  degree 
as  would  enable  it  in  turn  to  combine  readily  with  oxygen,  and 
so  to  induce  an  outbreak  of  spontaneous  combustion  in  the 
mass  as  a  whole.  According  to  this  theory,  the  susceptibility 
of  a  coal  to  such  spontaneous  hearing  would,  ceteris  paribus, 
be  determined  primarily  by  its  pyriric  content. 

In  discussing  the  matter,  however,  it  should  be  remembered 
that  iron  pyrites  is  polymorphic,  and  that  the  cubical  form  of  it 
is  more  stable  in  air  than  the  rhombic  variety  (marcasite) ;  also, 
that  the  fineness  of  division  of  the  pyrites  would  be  a  factor, 
and  that  its  oxidation  requires  the  co-operarion  of  water,  as 
follows : —  I 

zFeSg  +  xHfi  4-70,  =  aFeSO,  aq.  -|-  2H,S04  aq. 

Such  a  change  would  liberate  heat  amounting  to  262'5  K.CUs. 

per  gram  molecule  of  the  pyrites  oxidised,  apart  from  that 
generated  by  any  further  oxidation  of  the  ferrous  sulphate 
primarily  formed.  Taking  the  average  specific  heat  of  a  bitu- 
minous coal  as  0-35,  and  assumingapyritic content  of  2  percent., 
then  the  heat  liberated  by  the  oxidation  of  its  pyrites  would, 
if  wholly  accumulated  in  the  coal  mass,  be  sufficient  to  raise  its 
temperature  by  (taking  a  metric  ton  as  the  basis  of  calculation) 
as  nearly  as  possible  125°  C. 

Such  a  calculated  figure,  assuming  as  it  does  that  the  whole 
of  the  pyrites  is  oxidised  rapidly  enough  to  prevent  any  dis- 
sipation of  the  heat  evolved,  gives  a  greatly  exaggerated  esti- 
mate of  the  rise  in  temperature  which  would  be  likely  to  occur 
in  any  circumstances, 
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If,  as  will  be  shown  later,  the  atmospheric  oxidation  of  a 
bituminous  coal  does  not  become  autogenous,  i.  e.  self-propellent, 
vix&til  its  temperature  reaches  200°  C,  and  seeing  that  its  ignition  ; 

point  usually  lies  above  350°,  it  would  prima  facie  hardly  appear  \ 

likely  that  the  "  p5nritic  "  theory  is  by  itself  sufficient  to  accoimt 
for  the  spontaneous  firing  of  coal.  I 

All  competent  scientific  opinion  now  regards  the  influence  of  :' 

pyrites  as  either  a  negligible,  or  at  the  most  a  quite  subordinate,  ' 

factor  in  initiating  or  developing  the  phenomenon,  and  attributes  ' 

it  rather  to  the  liability  of   the  coal  substance  itself  to  slow 
oxidation  at  low  temperatures. 

The  first  important  researches  on  the  subject  were  those  of 
E.  Richter,  published  during  the  years  1868-70.^  He  showed 
that,  at  the  laboratory  temperature  of  15°  to  2Z^  C,  "  perfectly 
dry  coal,  as  well  as  air-dried  coal,  is  able  to  absorb  oxygen  without 
exhaUng  carbon  dioxide,  both  from  dry  and  from  air  saturated 
with  water  vapour."  On  keeping  a  certain  dried  coal  at  70**  to 
80°  C.  for  14  days  its  calorific  power  diminished  by  3  per  cent., 
and  the  coking  properties  also  deteriorated.  Moreover,  until 
its  temperature  rose  beyond  170**  to  igo**,  there  was  no  appreciable 
loss,  but  rather  a  gain  in  weight.  And  inasmuch  as  the  coals 
examined  did  not  contain  more  than  0*31  to  0-42  per  cent,  of 
P3nrites,  and  that  a  mixture  of  fine  quartz  sand  with  the  same 
proportion  of  pyrites  did  not  absorb  any  oxygen  in  dry  air,  and 
only  a  very  small  amount  in  moist  air,  Richter  concluded  that 
pyrites  has  little  or  no  effect  upon  the  spontaneous  oxidation  of 
coal,  which  he  attributed  to  an  action  upon  the  coal  substance 
itself. 

In  1879  Henri  Fayol,  who  thoroughly  investigated  the  con- 
ditions under  which  coals  from  the  collieries  in  the  Commentry 
district  of  Northern  France  absorb  oxygen,  or  spontaneously 
ignite  when  exposed  to  air  at  temperatures  beginning  at  25*^  and 
rising  to  200°,  or  even  400**  C,  was  unable  to  detect  that  their 
pyritic  contents  had  any  appreciable  influence  upon  the  pro- 
cess. He  found,  however,  as  might  be  anticipated,  that  the 
finer  the  state  of  division  of  a  coal  the  more  rapidly  does  it 
combine  with  oxygen  and  catch  fire;    he  gave  the  following 
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approximate  temperatures  for  the  relative  inflammabilities  of 
powdered  coals  in  hot  air : — 

Relative  Inflammabilities  in 
Hot  Air  (Fayol). 

Lignites 150** 

Gas  coal         .......     200** 

Hard  coking  coal 250° 

Anthracites above  300* 


,0 


In  1898  Carrick  Anderson,  in  the  course  of  his  investigation 
upon  Scottish  coals  (loc.  ciL),  found  that,  at  temperatures  below 
iSo**,  atmospheric  oxidation  makes  rapid  progress  during  the 
first  12  to  24  hours,  but  afterwards  falls  off  considerably. 
Nevertheless  a  slow  increase  in  weight  continues  for  a  long 
time,  the  period  required  for  completing  the  oxidation  varying 
greatly  with  different  coals. 

In  1901,  Fischer^  of  Gottingen,  after  bringing  forward  new 

evidence  confirmatory  of  the  views  already  expressed  by  Richter 

and  Fayol  concerning  the  relative  insignificance  of  the  part 

played  by  pyrites  in  the  weathering  of  coals,  attributed  the  main 

cause  to  the  presence  in  the  coal  substance  of  "  unsaturated  " 

compoimds  capable  of  combining  additively  with  either  bromine 

or  oxygen  at  low  temperatures.    Hence  he  concluded  that  coals 

which  have  the  greatest  affinity  for  bromine  are  also  most  Hable 

to  spontaneous  firing,  and  as  a  practical  test  he  recommended 

N 
shaking  i  gram  of  the  finely  powdered  coal  with  20  ccs.  of  — 

bromine  solution  for  5  minutes.  If  then  any  free  bromine 
remains,  the  coal  (he  said)  may  safely  be  stored  in  bulk.  He 
also  showed  that  the  absorption  of  oxygen  which  is  exothermic 
and  accompanied  by  a  gain  in  weight  is  accelerated  by  a  rise  in 
temperature. 

Among  British  investigators  whose  independent  experiments 
have  led  them  to  reject  the  pyritic  theory  in  its  original  form 
may  be  mentioned  V.  B.  Lewes,  R.  Threlfall,  R.  V.  Wheeler, 
J.  S.  Haldane,  and  the  writer.  Lewes,*  however,  thought  that 
pyrites  may  play  a  subsidiary  rdle  because  of  its  swelling  up  on 
oxidation  which  conceivably  might  contribute  to  the  disintegra- 
tion of  the  coal  and  so  indirectly  assist  the  action  of  oxygen  upon 
the  coal  substance.     He  also  assigned  the  following  approximate 

*  Gas  World,  April  13,  1901. 

«  Journ,  Gas  Lighting,  66,  p.  145,  1906,  94»  p.  33. 
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ignition  temperatures  which  are,  it  will  be  observed,  decidedly 
liigheT  than  the  figures  given  for  the  relative  inflanimabiUties  of 
coal  dusts  in  hot  atr : — 

Approxiiiiatc  lenition  Tcmpentnn  *  C. 
(V.  B.  Lewes). 

Cannels 370" 

Lignites 450° 

Welsh  Steam  Coals    ....     470° 

R.  Threlfall's  work  was  mainly  connected  with  the  investigation 
of  the  New  South  Wales  Royal  Commissions  between  1896  and 
1908  upon  the  Spontaneous  Heating  of  Coal,  particularly  during 
shipment,  the  result  of  which  he  subsequently  reviewed  in 
perhaps  the  most  notable  memoir  on  this  aspect  of  the  subject 
which  has  yet  appeared.^ 

From  the  extensive  data  and  experiments  collected  or  carried 
out  for  these  Commissions,  as  well  as  from  general  principles 
established  by  previous  scientific  researches,  notably  those  of 
Richter  and  Fayol,  which  were  highly  commended,  it  would 
appear  (said  Tbrelfall)  that  liability  to  spontaneous  fires  in 
ships'  cargoes  may  be  expected  to  increase  (i)  pari  passu  with 
the  tonnage  of  the  cargo  and  the  temperature  at  which  it  is 
loaded,  (2)  with  the  fineness  of  division  of  the  coal,  and  (3)  with 
only  sliglU  ventilation  during  the  voyage.  Also,  it  was  stated 
that  the  Conamission  had  failed  to  find  a  single  undoubted  case 
of  a  spontaneous  fire  in  a  coal  cargo  having  originated  in  any 
other  place  than  under  the  hatchways,  from  which  it  follows 
that  the  presence  of  a  heap  of  dust  under  the  hatchways  should 
in  any  circumstances  be  specially  avoided  as  a  highly  dangerous 
condition. 

In  1909  Boudouard,*  in  experiments  upon  the  atmospheric 
oxidation  of  coal  at  100°,  reported  the  formation  under  such 
conditions  of  "  humic  acids  "  from  the  cellulosic  constituents  in 
the  coal  substance,  and  that  the  coking  properties  had  completely 
disappeared. 

In  1909  P.  Mahler*  proved  that  when  air  is  passed  over  dry 
coal  free  from  occluded  gases,  at  as  low  a  temperature  as  25°  to 
30°,  water,  carbon  monoxide,  and  carbon  dioxide  are  formed, 
less  carbon  monoxide  being  formed  if  the  coal  contains  moisturi'. 
He  also  reported  the  finding  of  from  0-002  to  0004  per  cent. 

I  Journ.  Soe.  Chem.  Ind.,  1909,  28^  p.  7j9. 

*  BuU.  de  la  Soe.  Chtm.,  1909,  S,  363. 

*  Compi.  rend.,  1910,  ISO,  1331,  ISL,  643. 
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of  carbon  monoxide  in  the  air  of  coal  mines.  The  production  of 
carbon  monoxide  during  the  slow  oxidation  of  coal  at  such  low 
temperatures  is  entirely  what  chemists  would  have  anticipated 
from  the  work  of  H.  B.  Baker,  and  the  more  recent  researches 
of  R.  V,  Wheeler,  upon  the  combustion  of  carbon,  to  which  further 
reference  will  be  made  in  another  chapter.  It  has  also  frequently 
been  observed,  not  only  by  R.  V.  \Vheeler,  but  independently 
also  by  the  writer,  in  researches  upon  the  slow  oxidation  of 
coal. 

Among  the  most  infonning  of  recent  investigations  from  the 
point  of  view  of  the  storage  of  coal  on  land  are  those  of  S.  W. 
Parr  and  his  collaborators  of  the  University  of  lUinois,'  who 
experimented  upon  a  series  of  Illinois  coals  which  are  character- 
ised by  both  high  moisture  {12  to  15  per  cent.)  and  sulphur  (i  to 
6  per  cent.)  contents.  The  experiments  were  directed  mainly 
to  the  ascertainment  of  the  influence  of  temperature,  fineness 
of  division,  moisture,  and  pyrites,  upon  the  liability  to  spontaneous 
combustion.  The  procedure  consisted  in  maintaining  25  lb.  to 
35  lb.  lots  of  suitably  screened  coal  in  a  special  container  at  a 
constant  temperature  (40°,  60°,  80",  and  115°  C.)  within  an 
insulated  oven,  with  free  air  circulation,  in  such  a  manner  that 
the  rate  of  the  temperature-rise  of  the  coal  above  that  of  its 
environment  could  be  accurately  followed  until  it  attained  a 
steady  maximum,  which  always  happened  within  the  72  hours 
period  over  which  each  experiment  extended. 

Altogether  some  fifteen  series  of  experiments  were  made  upon 
charges  whose  fineness  of  division,  pyritic,  and  moisture  contents 
were  varied  in  accordance  with  a  carefully  laid  plan,  and  each 
charge  was  tested  successively  at  the  four  temperatures  above 
named.  The  principal  conclusions  arrived  at  were: — {1)  that 
the  oxidation  of  coal  is  continuous  over  a  wide  range  of  tem- 
peratures l>eginning,  in  the  case  of  freshly  mined  coal,  at  the 
ordinary  temperature;  (2)  that  at  low  temperatures  the  initial 
oxidation,  which  is  unattended  by  any  evolution  of  carbon 
dioxide,  is  due  to  the  presence  in  the  coal  substance  of  certain 
"  imsaturated  "  compounds  having  a  marked  avidity  at  ordinary 
temperatures  for  oxygen  with  which  they  unite  forming  com- 
pounds of  the  humic  acid  type  (vide  Boudouard) ;  (3)  that 
although  this  slow  oxidation  is  exothermic,  it  does  not,  with 
free  air  circulation,  cause  any  material  self-heating  of  the  coal 
about  its  environment  until  a  temperature  of  60°  to  80°  C, 
*  Universily  of  Illinois  Bulletin,  Nos.  17  ol  190S  and  46  of  1911. 
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^^pendent  upon  the  size  of  the  coal  and  other  conditifins,  is 

reached;  (4}  that  this  self-heating  at  any  temperature  is  more 

x^'a.pid,  and  the  final  steady  maximum  in  relation  to  the  air 

<^TCulation  is  greater,  the  finer  the  state  of  division  of  the 

c^oal;  (5)  that  the  presence  of  moisture  increases  the  chemical 

veactivity  of  the  coal-air  system  at  any  temperature ;  (6)  that  at 

a.    temperature  of  about  r2iJ°  in  oxygen  and  135"  in  air  the 

^constituents  of    the  coal   begin   to  oxidise   more  freely  with 

evolution  of  carbon  dioxide  and  water,  a  state  of  things  which 

xnust  always  be  regarded  as  highly  dangerous ;  (7)  that  the  point 

at  which  the  oxidation  becomes  autogenous  (i.  «.  self-propellent) 

lies  somewhere  below  140°  and  160°  in  oxygen  and  300°  to  270° 

in  air,  and  that  as  soon  as  this  point  is  reached  the  temperature 

will  rapidly  rise  to  the  ignition  point  of  the  coal,  which  usually 

lies  above  350°, 

With  regard  to  the  influence  of  pyrites,  it  was  found  that  the 
amount  of  "  pyritic  oxidation  "  under  given  conditions  is  always 
proportioned  to  the  K^tJc  content  of  the  coal,  so  that  an 
increase  on  the  latter  will  (it  was  thought)  hasten  "  the  rise  in 
temperature  up  to  the  critical  point  at  which  the  absorptl6n 
of  oxygen  by  the  coal  itself  is  rapid  enough  to  increase  the 
temperature  up  to  the  point  of  self  ignition."  Hence  it  was 
concluded,  "  that  the  presence  of  pyrites  is  a  much  more  im- 
portant factor  in  the  spontaneous  ignition  of  coal  than  has 
heretofore  been  ascribed  to  it,  and  its  influence  upon  the  spon- 
taneous combustion  of  coal  cannot  be  discarded  in  the  off-hand 
way  that  has  been  so  common  with  some  of  the  previous 
investigations,  merely  because  of  the  fact  that  some  coals 
containing  no  pyrites  at  all  would  ignite  spontaneously." 

These  important  statements  seem  to  be  based  principally  upon 
the  result  of  three  series  of  experiments  with  the  environment 
at  80°  in  which,  although  no  condition  varied  except  the  pyritic 
content  of  the  coal,  ignition  occurred  in  the  cases  of  the  two 
dust  coals  of  higher  pyritic  contents,  as  follows : — 


Seri«a  No. 

2 

4 

6 

Percentage  Pyrites  in  Wet  Coal 

1-65 

3-0 

5-0 

Temperature  of  Environment 

80" 

80= 

80° 

Rise  in        Size  0/  Coal. 

Temperature            0 

50° 

to  ignition 

to  ignition 

of  the           0  to  J  in. 

36" 

57° 

45° 

Coal.        li  in.  to  J  in. 

21° 

11° 
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The  following  preventive,  or  precautionary,  measures  were 
suggested  in  connection  with  the  storage  of  coal  in  bulk, 
namely: — (a)  the  avoidance  of  any  external  source  of  heat 
which  would  in  any  way  contribute  towards  increasing  the 
temperature  of  the  mass;  (b)  the  elimination  of  coal  dust; 
(c)  dryness  in  storage ;  (i)  the  artificial  cooling  of  the  heap  by 
any  suitable  means  which  will  keep  down  its  temperature 
without  increasing  the  access  of  oxygen ;  or  (e)  the  submerging 
of  the  coal  under  water. 

In  the  .year  1913  a  Departmental  Committee  was  appointed 
by  the  Home  Office  to  consider  the  question  of  the  Spontaneous 
Firing  of  Coal  in  relation  to  the  safety  of  mines.  Various  scientific 
investigators,  including  R.  V.  Wheeler,  Professor  P.  P.  Bedson 
and  the  .author,  gave  evidence  as  to  their  views  and  experience. 
Dr.  Wheeler  put  forward  an  interesting  new  suggestion,  namely, 
that  the  ^eater  the  amount  of  combined  oxygen  in  the  coal 
substance  the  more  readily  will  it  "  self-heat,"  and  the  lower 
is  the  temperature  at  which  "  self-ignition "  occurs.  The 
Committee  issued  their  First  Report  in  1916,  which  should  be 
consulted  for  details  of  the  evidence  submitted. 

The  subject  has  been  investigated  by  the  staff  of  the  Don- 
caster  Coal  Owners  Research  Laboratory,  under  the  direction  of 
J.  S.  Haldane.^  These  further  experiments,  whilst  usefully  con- 
firming much  of  the  results  of  previous  work,  do  not  appear  to 
the  writer  to  have  added  materially  to  our  knowledge  of  essential 
facts,  although  in  relation  to  the  particular  problem  of  the  safety 
of  mines  the  inferences  which  may  be  drawn  from  them  may  be 
important.  In  reviewing  these  experiments,  Haldane  rightiy 
states  that  **  the  conditions  underground  are  often  peculiarly 
favourable  to  a  cumulative  heating  effect,  for.  owing  to  the 
ventilation,  it  is  very  apt  to  happen  that  a  continuous  slow 
current  of  air  passes  horizontally  along  a  layer  of  broken  coal. 
The  heat  is  thus  carried  on,  and  the  temperature  rises  higher  and 
higher  along  the  course  of  the  air  current,  until  at  a  certain 
distance  a  dangerous  temperature  is  reached.  Ordinary  gob 
fires  seem  to  be  always  produced  in  this  way." 

With  regard  to  the  influence  of  pyrites,  Haldane  speaks  with 
some  imcertainty,  for  whilst  admitting  "  that  in  the  Bamsley 
and  many  other  seams  it  is  not  pyrites  to  any  appreciable  extent, 
but  other  substances  in  the  coal  that  oxidise,"  he  goes  on  to  say 
that  "  in  some  other  kinds  of  coal  the  oxidation  of  pyrites  was 

*  Inst,  Mining  Engineers,  Part  IV.,  Vol.  58,  p.  194  (1917). 
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to  play  a  considerable  part  in  the  heat  production,  and 
bly  a  predominating  part  in  certain  cases,"  and  he  suggests 
he  difference  may  depend  on  whether  the  pyrites  is  present 
amps  "  (cubical  crystals),  as  in  the  Bamsley  coal,  or  in  some 
re  impure  and  disseminated  condition."    Further  on,  how- 
he  says  that  v^hereas  "  he  was  formerly  inclined  to  attribute 
/rites  the  main  part  in  the  spontaneous  heating  of  coal  .  .  . 
now  clear  that  in  the  heating  of  coal  another  type  of  oxidation 
mally  involved."    He  then  says  how  the  Doncaster  workers 
been  puzzled  to  find  that  "  in  the  oxidation  of  coal  at  low 
peratures  oxygen  disappears  but  hardly  any  carbon  dioxide 
^rmed,"  but  this  fact  was  surely  well  known  before  to  chemists 
ie  S.  W.  Parr  in  particular),  and  need  cause  no  surprise  to  any 
^  familiar  with  the  phenomena  of  surface  combustion  generally, 
ieed,  to  the  writer  it  seems  that,  judging  by  Haldane's  account 
them,  the   Doncaster  experiments  have  in  their  chemical 
pects  been  anticipated  in  several  important  points  by  previous 
oik. 

As  practical  precautions  against  the  outbreak  of  gob  fires 

\  mines,  Haldane  recommends : — (i)  that  the  liability  of  the 

oal  in  the  seam  to  spontaneous  heating  should  always  be  tested ; 

2)  that  if  found  very  liable,  the  method  of  working  should  be 

such  as  to  reduce  to  a  minimum  the  occurrence  of  crushing; 

(3)  that  in  order  to  avoid  as  far  as  possible  percolation  of  air 

through  goaves  containing  coal,  the  ventilating  pressure  should 

be  kept  as  low  as  possible,  which  means  roomy  roadways  in  the 

mines  and  the  keeping  of  the  goaves  as  air-tight  as  possible.    The 

control  of  such  conditions  is,  he  says,  more  complex  when  a  seam 

is  not  flat,  or  where  faults  are  met  with,  "  since  the  convection 

currents  due  to  difference  of  temperature  must  tend  to  cause 

air-currents  in  the  goaf,  and  coal  may  have  to  be  left  near  a 

fault."    He  concluded  with  the  what  may  seem  at  first  sight  a 

ratiier  obvious  statement,  but  which  nevertheless  needs  to  be 

'_     reinforced  whenever  conditions  in  mines  are  under  discussion, 

;^    \ha.t  gob  fires  would  be  entirely  avoided  if  it  were  possible  to 

remove  the  whole  of  the  coal,  good  or  bad,  including  slack, 
jj  In  connection  with  a  further  development  of  the  Doncaster 
|.  experiments  upon  the  soft  coals  of  the  Bamsley  seam  (S.  Yorks), 
n  Messrs.  Graham  and  Hills  have  recently  reported  that  the  portion 
J  of  the  coal  (15  per  cent.)  which  is  soluble  in  pyridine  does  not 
J  absorb  oxygen  at  90**  C,  and  "  cannot  therefore  be  responsible 
for  the  spontaneous  combustion  of  coal,"  a  conclusion  which  is 
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The  following  preventive,  r^r  ^^ 
sugt^ested  in   connection    with   *^'- 
namely: — (j)  the  avoidance  '^'    " 
which  would  in  any  way  rov*'---- 
temperature  of   the   mas?;    ^''^  ♦' 
\c)  dn-ness  in  storage;  (</)  th*- 
any  suitable   means    which   v^'    ' 
without  increasing  the  access  •** 
of  the  coal  under  water. 

In  the  year  IQ13  a  Dcimt^-  • 
by  the  Home  Othce  to  coiwi'  ••  ' 
Firing  of  Coal  in  relation  to  t'.»  - 
investiiiators.  includint;  K.  \ 
and  the  author,  gave  exi  .< 
Dr.  Wheeler  put  furwani  an  ■ 
that  the  greater  the  aim-..'  ■ 
substance  the  more  reaiiii. 
is    the    temperature    at    v 
Committee  issued  th'.ii   i  . 
c\^n>ulted  for  detail>  ot  u.. 

The  subject  has  bim  . 
caster  Coal  Ch\Tiers  \ii- 
J.  S,  Haldane.^     Thr'<r 
nrming  much  of  the  r> 
the  writer  to  have  a<l ' 
facts,  although  in  rcli. , 
of  mines  the  infert  ii  . 
imjv>rtant-     In   rtn: 
states  that  "  the  « - 
favourable  to  a  en 
ventilation,  it  is  v.  - 
current  of  air  pa<-. 
The  heat  is  thus  cai 
higher  along  the  « < 
distance  a  dani:tr«« 
fires  seem  to  be  a 

With  regard  t(»  ♦ 
SiMne  uncertain!' 
and  many  other  - 
but  other  subst  ♦ 
that  "  '*  '^  "^    « 


V.  'ViA-if-r  :.i 

.-  :-'en  estsJitUiii^  r=} 
.  _xpennienta*  ra^-i 
— rnfHiii^   Combcsti'j- 

in  the  author's 
ind  Technoln^, 


■jiiLiica  Fuel  Economv 
-=r.  --TLit  the  phenome- 
j:  -x>  complicated  to 
\^uTL  as  the  foregoing 
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TABLE  XU 
Table  of  Rbsolts 


Coal. 

A. 

B. 

Quantity  of  Dry  Coal  DSed  in  grama      . 

Dnratioa  of  Experiment— hours       .      . 
Total  Oxygen  absorbed  in  litres  at  N.T.P. 

937       . 
107°  to  109* 
648 
tl-oo 

86-9 

107-  to  109" 

481 

Percentage  of 

absorbed    * 
appearing 

in  the  Coal    .     .     .     . 

as  CO 

„CO 

..  H.0 

45-65 
171 1 
2-70 
34-5' 

5620 
30-54 

1308 

16-97 

1 

0 

86- 

lAR 

CO 
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Fig.  30. — Absorption  of  Oxygen  by  Bamsley  Hard  Coal  (B). 

On  calculating  from  the  experimental  results  the  total  amounts 
(in  CCS.  per  gram)  of  oxygen  which  had  reacted  with  unit  weight 
of  the  diy  coal  in  each  case  both  during,  and  up  to  the  end  of, 
each  successive  period  of  100  hours,  we  find  that  during  the  whole 
of  the  first  200  hours  the  oxidation  of  Coal  B,  was  decidedly 
.  more  rapid  than  that  of  Coal  A.  Afterwards,  however,  the  rate 
for  B.  became  somewhat  the  slower  of  the  two,  although  the 
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ptal  amount  of  oxidation  from  the  beginning  up  to  any  par- 
icular  time  always  remained  greater  for  B.  than  for  A.  throughout 
he  whole  experiment,  thus  :— 


TABLE  XUI 


Amount  of  Oxidation  in  ccs.  O,  at  o**  and  760  m.ma.  per  gram 
1                                                     of  Dry  Coal. 

Time  Interval  in 

Coal  A. 

CoalB. 

Hours. 

\ 

Darinc 
IntanraL 

Up  to  end  of 
IntervBL 

During 
Intennu. 

Up  to  Old  ol 
IntcrviL 

0  to  100 

\           zoo  „  200 

aoo  „  300 

300  „  400 

I           400  „  500 

37-4 
20-5 

i6-x 
13-4 

12*6 

37-4 
57-9 
84*0 

97-4 

IIO'O 

57-5 
23-7 

15-8 
I2«3 

7-1 

57-5 

8l*2 

96*0 

io8'3 

Ii5'i 

Another  interesting  feature  of  the  results  with  Coal  A.  was  that 
not  only  did  the  volmnetric  ratio  of  the  CO,  to  the  CO  produced 
remain  fairly  constant  throughout  each  experiment,  especially 
after  the  first  100  hours,  but  also  that  the  proportion  of  the 
total  reacting  oxygen  which  had  appeared  as  oxides  of  carbon 
at  any  particular  time  did  not  change  very  materially  (see  below). 


TABLE  XLIII 
Coal  A. 


Time  Hoars. 

Total  Volume  in  Litres 

at  0**  and  760  m.m. 

produced  of 

Ratio 
CO,/CO. 

Proportion  of 
absorbed  Og 
appearing  as 
CO,  and  CO. 

co» 

CO. 

xoo 
200 
300 
400 

0*40 
0'65 
0-87 
I '06 

o*i8 
0-26 

0-34 
0-40 

2*22 
2'50 

2-55 

2*65 

0-140 

0143 
0-152 

0154 

Coal  B. 

100 
200 
300 
400 

0-66 
1-04 

1*25 

1-38 

0-34 
0-44 

0'50 

0-50 

1-94 
2*36 

2'50 

2-76 

014J 
0-X78 
o«xjs» 
or 

) 
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zz^  T.-^.-.^-'^     T  :  n:ji..--.f:.   is  ir  *■■"-—"*    H-  B.  Baker's 

>— :-jis.  r.  ji  mr-ii'Ld  ~:  i=ii  n"*  ^nae  wirisr?  ^t*.  cniil  quite 

ijti  ^^-_-  j--_;:ir.  ■•  ■■-  ii'Vi-sr  ixi^cz^  lie  rfa  of  pjiites 
--*-  >-  --:£  =-:=  t^  ;r-y-:.iTT:-:.>-rif  cissc  it  tie  fpocuneoos 
%-j=.:>.soc  -t  :-»:  =.ia:  ^  s':^-::^  i*  =  ibe  oxidiiioa  of  the 

?--*.>  zi-.fztt  -f  lijt  ■■■.c"«r;  »^  iave  t:«a:«d  the  scienti&c 
a-t^^j  .,-  ._^  sJ-.j-r.-.z  i^g^  :^  Live  ac±(CK^:Iy  reahacd  th^  the 
^.'j-jt  ;c:':«i  frci  ir;t  f,  liit  j=  esddSaZ'v  coe  of  "  soiface 
'y.fr.  v:.:  j-,c  "  *iiii,  ii  xi*  "Tiier'i  reseu^bes  have  abowD,  is 
i-.-z-vA  \'j  ipt-'-^  v,Tj±ti:Tis  "i^ich  <ii  D:>t  apply  in  bomogoieons 
«/t^*^,r.\  (X^ni-L.itiie.  It  B  a^-- -MJar.'ly  e^'i<)ent  that  the  oxygen 
li  fcit  'A  all  "  a'>%...rbed  '*  by  the  coaJ  snbstancr.  possibly  in  scxne 
"  ar.t^vated  "  form,  then  ir.';orpfjTated  in  some  way  (it  may  only 
be  Urfseiy,  or,  oa  tJ^  oTh.«r  hand,  it  may  be,  as  S  W.  Pair  sug- 
jT'ritfcfi.  ID  ^^me  defirjte  (otto),  and  as  the  temperature  rises. 
It  tinaJSy  is  expelled  in  gaseous  prodncts  (HjO  and  oxides  of 
carbon).  And  between  its  initial  absorption  and  its  final  ex- 
pul.sion  a  whole  series  of  complex  pbenomena  may  be  invtdved, 
which  have  hitherto  received  little  attention.  The  subject 
needs  more  investigation  from  a  fundamental  standpoint,  and 
in  particular  the  following  points  seem  to  demand  some 
experimental  revison  or  confirmation : — 

(i)  If,  as  is  clear,  the  old  "  pyritic  "  theory  in  its  original 
(orm  is  no  longer  tenable,  what  subsidiary  pwt  (if  any)  does 
pyiitca  play?     TMs  question  ought  not  to  be  left  in  the  hazy 
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condition  into  which  it  has  been  thrown  by  the  recent  rather 
ambiguous  statements  of  S.  W.  Parr  and  J.  S.  Haldane. 

(2)  What  constituents  of  the  coal  substance  (celluJosic,  resinic, 
or  nitrogenous)  are  most  liable  to  spontaneous  oxidation  at  low 
temperatures? 

(3)  Is  there  any  "  activation  "  of  the  oxygen  initially  absorbed 
by  the  coal  which  quickens  its  chemical  action,  and,  if  so,  by  what 
factor  is  it  determined  and  goveined? 

(4)  What  is  the  lowest  temperatures  at  which  gaseous  products 
(CO,  CO,  and  H,0)  are  freely  evolved  from  the  surface  of  coal 
undergcnng  such  oxidation? 

(5)  What  is  in  each  case  the  lowest  temperature  [with  varying 
types  of  coal)  at  which  the  action  of  oxygen  become  autogenous  ? 

(6)  Does  the  oxygen  naturally  present  in  the  coal  substance 
itseli  play  any  part  at  all  in  the  phenomenon  up  to,  say,  the 
temperature  at  which  the  action  becomes  autogenous  ? 


r 


CHAPTER  X 
THE    COICBCSTIOM    OF    COuU. 

The  combustion  in  a  furnace  of  a  t»tumiDous  coal  is  by  do 
means  so  simple  or  direct  a  process  as  was  fonDeily  believed. 
Indeed  the  cumulative  e\ndence  afforded  by  a  long  series  of 
chemical  investigations  during  the  past  thirty  years  has  proved 
that  combustion  in  general  is,  from  a  molecular  standpoint,  a 
highly  complex  transaction,  usually  invol^'ing  se\'eral  stages,  and 
in  many  cases  also  the  interaction  of  steam,  in  addition  to  that 
of  ox>-geo,  and  the  combustible  substances. 

Assuming,  for  the  sake  of  com'enience.  that  the  composition 
of  the  combustible  matter  of  an  average  bituminous  coal  approxi- 
mates to  the  emjHrical  fonnula  €,11,0  (C  =  83-t,  H  =  4-6,  and 
O  =  12-3  per  cent.),  such  an  equation  as, 

c^o + loo, = 9C0, + ^njy. 

enables  as  to  say  very  Uttle  more  about  its  combustion  than  that, 
supposing  it  were  possible  in  practice  to  completely  bum  it  to 
carbon  dioxide  and  steam  in  just  the  theoretical  quantity  of  air, 
one  kilogram  of  it  would  require  6-22  cub.  metres  of  air  measured 
at  0°  C  and  760  m.m.  (equivalent  to  1317  cub.  ft.  per  pound), 
and  that  the  cold  gaseous  products  would  contain  18-87  P^  cent, 
of  carbon  dioxide.  The  equation  would  tell  us  nothing  whate%'er 
about  the  mechanism  of  the  combustion,  which,  when  closely 
investigated,  would  be  found  to  be  an  extraordinarily  comj^cated 
phenomenon.  So  much  misconception  is  still  prevalent  about  the 
matter,  and  so  much  depends  on  a  true  understanding  of  it,  that 
it  is  worth  while  at  the  outset  to  consider  it  in  some  detail  from  a 
fundamental  standpoint,  before  proceeding  to  discuss  the  practical 
bearing  of  the  principles  involved. 

When  a  fresh  charge  of  raw  coal  is  introduced  into  the  furnace 
of,  say,  a  boiler,  it  first  of  all  undergoes  a  destructive  distillation, 
whereby  a  number  of  combustible  gases,  tarry  vapours  and  steam 
are  expelled.  The  gaseous  products  chiefiy  con^t  of  hydro- 
carbons (methane  with  smaller  proportions  of  ethylene,  benzene, 
164 
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and    probably  also  ethane),  hydrogen,  and  carbon  monoxide, 
whilst  the  tarry  vapours  are  mingled  with  a  certain  proportion 
of    finely  divided  carbon  (soot).    The  "volatile"  combustible 
cotistituents  thus  evolved  from  the  upper  portion  of  the  fuel  bed 
will  amount  in  aU  to  between  15  and  25  per  cent,  of  the  weight 
of   the    ash-free  coal  chained,  and  the  oxygen  needed  for  this 
combustion  must  be  furnished  by  what  is  sometimes  termed  a 
"  secondary"  air  supply  which  is  usually  introduced  through 
adjustable  openings  in  the  doors  of   the  furnace,  or  (may  be) 
also  at  the  &re-bridge,  in  such  a  manner  that  it  mixes  with  the 
combustible  gases  and  vapours  at  or  near  the  top  of  the  fuel 
bed.     The  ensuing  combustion  causes  the  well-known  develop- 
ment of  smoky  flames  in  the  furnace  after  each  addition  of  fuel. 
The  combustion  of  the  residual  coke  (carbon)  takes  place  in 
the  lower  layers  of  the  fire  by  means  of  the  "  primary  "  air  supply 
drawn  in  through  the  fire-bars,  the  evidence  of  which  may  be 
seen  by  looking  at  the  incandescent  mass  of  fuel  in  the  furnace 
towards  the  end  of  the  interval  between  two  successive  chargings 
of  the  coal. 

Accepting  this  as  an  approximately  true  view  of  the  outward 
and  visible  sequence  of  events  in  the  furnace,  it  is  at  once  evident 
that  we  have  to  deal  with  at  least  two  distinct  cases  of  combustion, 
namely  (i)  that  of  solid  carbon  in  the  lower  layers  of  the  fire,  and 
(z)  that  of  the  combustible  "  volatiles  "  feases  and  vapours)  in 
or  above  the  upper  layers. 

The  Combostion  of  Solid  Carbon 

Although  the  combustion  of  solid  carbon  has  been  studied 

by  chemists  for  upwards  of  a  century,  there  is  still  no  general 

agreement  among  them  as  to  what  is  the  immediate  product  of 

the  action  of  oxygen  upon  it. 

In  view  of  the  fact  that  a  diamond  bums  when  strongly  heated 
in  oxygen  forming  carbon  dioxide  without  any  visible  flame,  it 
was  formerly  almost  universally  believed  that  such  is  the  initial 
mteraction,  the  monoxide  subsequently  resulting  only  when  the 
primary  product  comes  in  contact  with  an  excess  of  incandescent 
carbon,  tiius : — 

(1)  C  +  0,      =C0, 

(2)  CO,  +  C  =  2CO 

The  correctness  of  this  view,  which  is  still  very  prevalent  in  tech- 
nical literature,  was  challenged  in  1872  by  the  late  Sir  ^ 
165 


<X>AL  ASD  ns  SClESriFIC  USES 

Bell  wbo,  as  the  lesnlt  of  his  rlj«fa|  iovestigatiaos  apoa  tht 
chemical  pheDomena  of  inm  saaelDiig,  advanced  some  very 
ingenioas,  if  oot  altogether  coDclnsiv-e.  arfumrats  in  soppcn 
tA  his  opinioQ  that  "  carbon  moooxide  and  not  carina  dkixitfe 
is  the  chief,  if  not  the  ezchtsi^'V,  and  immediate  actioa  ct  the 
hot  blast  on  the  fuel  "  (t.  t.  on  the  coke)  in  the  blast  foniace. 

In  the  >'«ar  18S7  C  J.  Baker  made  ezpeiimcnts  to  tscntain  the 
nature  of  the  gases  prodaced  by  beating  carbon  wfncfa  had  pre- 
vioosly  ab^rbed  ozygm  at  low  tcmperatares.  He  fomid  that 
whereas  mmst  ox>-gen  which  had  been  absorbed  at  — 12°  C  was 
e\-ol^-ed  as  carbon  dioxide  at  100°,  the  e&ct  of  IkonugUy  drying 
the  materials  by  means  of  [rftosphoric  anhydride  was  to  cause  the 
gas  to  be  retained  mitil  a  temperature  of  450'  was  icadbed.  wben 
it  was  evoh'ed  chiefly  as  carbon  mtmoxide.  Hokc  he  cmcluded 
that  carbon  is  burned  directly  to  the  monoxide  by  abscwbed 
ox>-5en- 

A  year  later,  H.  B.  Baker,*  following  upon  the  discovery  of 
H.  B.  Dixon  that  a  mixture  of  perfectly  dry  carbon  moooxide  and 
ox>-E:en  cannot  be  exploded  in  a  eudiometer  by  an  ordinary  eJectiic 
spark,  whereas  the  [«esence  of  e^'%n  a  trace  of  mcHstuie  is  sufficient 
to  determine  an  explosion,  found  that  when  highly  purified  carbon 
is  strongly  heated  in  a  closed  \'esset  in  veii-driat  oxygen,  there 
b  DO  sign  of  the  glow  or  scintillation  which  is  always  produced 
in  similar  drromstances  when  tittdried  ox^eo  is  employed,  and 
that  the  resulting  gases  always  consist  of  both  the  monutide  and 
the  dioxide,  ewn  when  there  remained  a  considerable  excess  of 
onu^ed  ox%'v:en.  In  a  further  series  of  experiments  be  [Mwed  that 
i::h.-'-jj:h  pure  carbon  dioxide,  thoroughly  dried  over  phosphoric 
ar.hv-drKle,  is  not  reduced  by  charcoal  at  biigat  red  heat  (provided 
alw-jvr$  that  the  presence  of  moisture  is  rigidly  excluded),  the  mon- 
oxiie  is  chiefly  [woduced  when  the  same  chareoal  is  simHaily 
heated  in  dry  ox^'^en,  as  the  following  analyses  of  the  resultant 
»:ases  showed : — 


paicoal  huted  to  redneM  m 
OzygOQ  oricQ  over  nicfljiuonc 
Anhydride  lor— 
1  Week.          a  Weeks. 

Percentage  Composition  1  CO,, 
Resulting  Gases          1  O,   . 

.         5-0     .        17    .    2-2 

.     40-0    .    39-5  •  27-8 
.    55-0    .    58-1  .  70s 

Ratio  CO  CO,     .         .       80  16  to  18 

»  rtfl.  r«~-    -«",  ITU  A..  571. 
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Baker,  therefore,  concluded  (i)  that  moisture  facilitates  the 
oxidation  of  carbon,  and  (2)  that  "  carbon  bums  first  to  carbon 
monoxide." 

This  new  evidence  was  at  the  time  accepted  as  conclusive 
by  most  British  chemists,  but  when  in  189Z  Mendeljeff  in  his 
■well-known  Principles  of  Chemistry  (English  Ed.  Vol,  I.  p.  388) 
adopted  the  older  view  that  "  the  first  product  of  the  combustion 
of  charcoal  is  always  carbonic  anhydride  and  not  ckrbonic  oxide,"  ^ 
the  controversy  was  reopened.  The  Russian  chemist  seems  to 
have  based  his  opinion  upon  the  results  of  a  series  of  experiments 
published  by  Lang  in  the  year  1888  *  in  which  oxygen  {undried) 
was  passed  at  different  regulated  velocities  through  a.  glass  tube 
packed  with  purified  gas  carbon  maintained  in  a  furnace  at  500°  C, 
at  which  iemperaiure  Lang  asserted  that  carbon  does  not  reduce  its 
dioxide.  From  the  following  results  it  will  be  seen  that  the  pro- 
portion of  carbon  monoxide  found  in  the  exit  gases  diminished 
with  the  stream  velocity,  until  in  one  experiment  with  a  very  slow 
stream  it  entirely  disappeared.  Lang  ascribed  the  formation  of 
the  monoxide  in  the  experiments  with  the  faster  gas  streams  to  the 
occurrence  of  local  heating  which,  he  argued,  was  sufficient  to 
eSect  some  reduction  of  the  dioxide. 


TABLE  XLIV 
Lahq's  First  Sxribs  of  Exphhiubnts 


Time  required  to  collect  too  cca.  of  Gases. 


In  a  second  series,  Lang  passed  a  mixture  {undried)  containing 

>  It  may  be  noted  that  this  statement  is  repeated  oo  p.  413  of  tbe  third 
Engliihcditioii  published  in  1903,  and  on  p.  4210!  the  some  edition  it  is  also 
slated  tint  carbonic  oxide  "  is  fonned  whenever  the  combustion  ui  ai^Anv 
substances  takes  place  in  the  presence  of  a  large  exce 

'         "      -^    ^    ■  ■-        -  ■'  ■        ■   ■  J  [^.rbcMiic  a 


carbon;  the  air  first  burns  the  carbon  into  c 
in  penetrating  through  the  ced-hot  charcoal  i 
OHde,  C0,  +  C  =  jCO. 
•  Zdt.  Phys.  Chcm.  (1888),  p.  161. 
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777  per  cent,  of  oxygen,  18-5  per  cent,  of  carbon  monoxide,  and 
3*8  per  cent,  of  nitrogen  at  different  velocities  over  purified  carbon 
at  500°  C,  with  the  object  of  ascertaining  (i)  whether  with  a  slow 
stream,  and  in  the  absence  of  local  heating,  the  oxygen  could  be 
directly  transformed  into  its  own  volume  of  carbon  dioxide  with- 
out increasing  the  proportion  of  monoxide  in  the  flowing  gases, 
and  if  so,  then  (2)  what  would  be  the  effect  of  increasing  the 
velocity  of  the  gases  until  the  local  heating  was  sufficient  to  make 
the  carbon  glow.  The  results  observed  in  three  groups  from 
experiments  are  shown  below : — 

TABLE  XLV 

Lang's  Second  Ssribs  of  Expbrimbnts 

Temperature  =  500®  C. 


Time 
required 
to  collect 

100  CCS. 

of  Gases. 

Percentage  Com* 

position  of  the 

Resulting  Gases. 

Observations. 

Minutes. 

CO2. 

CO. 

Nj. 

Group  I. 

120 
150 

78*0 
77*9 

1 8-3 
i8*4 

3-7 
3-7 

No  local  heating.  No 
change  in  CO  content; 
Oa  replaced  by  CO,. 

Group  2. 

I 
I 
20  sees. 

71*2 
70-8 
39-6 

247 
25-0 

564 

41 

4-2 

40 

No  visible  flame.  In- 
crease in  CO  due  to  re- 
duction of  CO,  by  C. 

Group  3. 

10  sees. 
5     - 

86-4 
88-4 

9-5 
8-0 

3-8 
3-6 

Carbon  glowed.  Flame 
of  CO  visible. 

Assuming  that  carbon  does  not  appreciably  reduce  its  dioxide 
at  500°  C,  Lang  claimed  to  have  proved  that  in  the  burning  of 
carbon  the  formation  of  the  dioxide  precedes  that  of  the  monoxide 
("durch  das  Zusammentreffen  des  Sauerstoffs  mit  der  Kohle 
ensteht  zuerst  Kohlendioxyd  "). 

H.  B.  Dixon  subsequently  repeated  and  criticised  Lang's 
principal  experiments,^  finding  that  some  monoxide,  as  well  as  the 
dioxide,  is  always  produced  when  oxygen  is  passed  over  purified 
coke  at  500**  C.  no  matter  how  slow  the  gas  stream  may  be, 
although  it  was  impossible  to  say  that  no  local  heating  occurred 
in  the  experiment. 

^  Trans,  Chem,  Soc,  (1899),  75,  p.  630. 
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TABLE  XLVI 


B.  Dixon's 

HXPKRIMBNTS    ON 

AT 

IBB  Action  of  Oxygen  u 
500°  C. 

PON  Coke 

looc.cs 

of  Gas  collected  in 

Percentage  Composition 
Product. 

of  the 

Minuu.. 

CO^ 

CO. 

0* 

N* 

I           3-5 

80-83 

mi 

96-52 

16-7 
9<8 
1-4* 
0-41 

o-ai 

a-99 
a-74 
1-93 

3-17 

He,  therefore,  considered  that  his  experiments  threw  doubt 
>n  the  validity  of  Lang's  conclusions,  and  that  whereas  Baker's 
woik  had  greatly  added  to  the  weight  of  evidence  in  favour  of 
the  view  that   carbon  bums  in   the  first  instance  to  carbonic 
oxide,  it  must  be  admitted  that  a  decisive  proof  is  still  required. 
Whilst  such  experiments  left  the  main  issue  still  undecided, 
so  fai  as  solid  carbon  is  concerned,  H.  B.  Dixon  was  able,  during 
his  researches  upon  gaseous  explosions,  to  obtain  conclusive  evi- 
dence as  to  the  primary  formation  of  the  monoxide  when  gaseous 
carbon  (as  in  the  form  of  cyanogen.  CjN^  is  burned,  inasmuch  as 
he  showed  not  only  that  the  rate  at  which  a  wave  of  detonation 
passes  through  a  mixture  C,N,  +  0^  is  greatly  in  excess  of  the 
corresponding  rate  for  a  mixture  C,N,  +  2O,,  but  that  in  the 
latter  case  half  of  the  oxygen  is  absolutely  inert  in  the  wave,  and 
only  combines  slowly  with  the  carbon  monoxide   {the  initial 
oxidation  product)  as  the  gases  cool  down  in  the  rear  of  the  wave. 
hi  view  of  the  fact  that  the  molecular  heat  of  combustion  of 
cyanogen,  when  burnt  completely  to  carbon  dioxide,  is  259-6 
K.C.Us.,  whereas  if  burnt  to  the  monoxide  it  would  only  be  123 
K.C.Us.,  it  might  be  expected  that  the  rate  of  explosion  for  the 
mixture  C^j  +  2O,  would  be  much  higher  than  that  for  C,N,  + 
0,  if  gaseous  carbon  is  primarily  burnt  to  carbon  dioxide  in  the 
wave.  The  exact  opposite  is,  however,  the  case,  as  the  following 
figures  show: — 

Rate  of  Detonation 
Mixtore.  Metres  per  Second. 

(1)  C,K,  +  0,     .         .     2728 1  Note  that  in  (3)  the  Nj  retards 

(2)  C^,  +  0|  +  O,     .     2321  ( the  wave  somewhat   less  than 

(3)  CJN,  +  0,  +  N,     .     2398  J  does  the  second  0,  in  (2). 
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^:^  :Ut^  ^.-jmrii.ii  rr  : J  I'si  1=11  t.  fi;  is  2  3::iipu;  zi-.ie;- 
T7t::r.c-0"E  :  -crz^r^i  t-:^:  his  — t-rr-.^T  :  ccirjcs  rrj-ri:!:  ~.f  ^ ': 

iiii  jct  '■''   iz  'c  liS-iT  lie  Ticr^di-^e  -»~es  tie  .'^c-iiriirc  ;i 
~  "-~:;:i  r^tiiLt   t^ots  tu;   jcr-'-^rt  lis   S«a   thirrccshV  re 

i^r;  Lz-  -Q-  T^r-T  j-Diiiri.-e  :c  ±*  ctiisrrir  rct=iiry  f.-rraatio! 
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j?,-:ct.p:«:t3:c  :i  2::  ^^rsturi^  "  pc>^r.>;JK=:;-riI  compfei,"  C,0, 
»ij;i  ft-r;rirti  to  tzs  the-jJCT"  =::^<:  he  inruded  as  tht 
-t^;:^i^te  a:ji  i±tiil  ;s->ii-n  d  xbe  xczy^^a  of  ox^-gen  upor 

;;  =^T  i»  cjs:e  be  »±=:tt(sl  th^t  mM  only  does  this  ueir  \Tew 
.•I  t:»  =i»:t«-  recuod>  a  f -vd  niiny  weH-cstab&ahed  facts  which 
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tix&x~mse  would  appear  conflicting,  but  also  that  it  accords  well 
n-th  the  results  of  recent  investigatioiis  upon  the  interactions  of 
;a3es  and  hot  surfaces  in  general.  And  whilst  it  would  perhaps 
>e  premature  to  accept  it  as  a  final  explanation,  in  the  sense  of 
ts  having  been  completely  proven,  it  may  be  adopted  for  our 
present  purpose  as  being  the  best  available  working  hypothesis. 
Such  a.  simultaneous  production  of  both  oxides  of  carbon  by 
the  decomposition  of  a  complex  C,0,  when  oxygen  impinges 
upon  the  incandescent  coke  in  the  undermost  layer  of  a  furnace, 
Avould  i»'obably  be  accompanied  by  a  rapid  attainment  and 
adjustment  of  a  mobile  equilibrium  in  the  reversible  system, 

2C0;;C  +  CO,, 
in  consonance  with  the  temperature  in  each  successive  layer  as  the 
mixed  gases  ascend  through  the  fire.  Also,  and  especially  in  such 
regions  where  the  atmosphere  in  the  spaces  between  the  porous 
coke  masses  contains  free  oxygen,  some  combustion  of  carbon  mon- 
oxide may  occur,  in  which  case  the  aforesaid  equilibrium  must 
be  continuously  adjusting  itself,  both  to  variation  in  the  relative 
concentrations  of  the  two  oxides  of  carbon,  as  well  as  to  the 
temperature  changes.  Consequently,  the  lower  region  of  the 
fire  must  be  the  seat  of  a  complex  play  of  chemical  forces  which, 
however,  may  be  regarded  as  always  subject  to  the  laws  govem- 
ii^  the  attainment  of  mobile  equilibrium  in  the  reversible  system 
formed  \>y  carbon  and  its  two  oxides. 

The  Reversible  System  2C0;^:  +  CO, 
The  investigation  of  the  effects  of  temperature  and  pressure 
upon  equiUbrium  in  this  system  was  also  carried  out  very 
thoroughly  by  Rhead  and  Wheeler,'  whose  work  in  this  con- 
nection must  be  acknowledged  as  having  surpassed  in  point  of 
carefulness  and  accuracy  that  of  any  previous  investigators. 

According  to  Le  Chatclier's  extension  of  Van't  Hoff's  well- 
known  principle  of  mobile  equilibrium  in  such  a  system,  any  change 
in  the  factors  of  equilibrium  [e.  g.  active  masses,  pressure  and 
temperature)  from  outside  must  be  followed  by  a  reverse  change 
within  the  system.  Thus,  for  example,  {i)  inasmuch  as  any  change 
in  the  direction  2C0-*C0, -|-C  is  accompanied  by  a  dci  h  ,i>i  m 
volume,  an  increase  in  pressure  at  any  given  tempemtnie  \iili 
cause  a  decrease  in  the  "  equilibrium  "  proportions  oi  carbim 


'  Trans.  Chem.  Soe.,  igio,  87.  2178;  ^nd  i9ii.  W.  ■ 
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monoxide,  aiul  .  r«  ".r^u  ;a  ,i.  ,n  r^^'     v-nr::a*  ^  €xpcriiaei3  up-: 
said  dirccti««ii  imi^i   l»c  ::i::»jii  :i:  *^-:'^    L^-^n^  &-rc  d:scissecx« 
at  any  givru  |.ir  ^«^ui*  •,  ^u  ji  X'.  11 
proportion  u I  «  ,m>'   :        ..-uuru  *:i  v.r.-tifrinir  liiat  in  tbe  Ic^-r 

The  law  ...x     .  '\^  .,  n:.-re  t.-c  ;nr.r.minff  *  jcimary  "  airsiet*^  j 
may  be  exi-..     .  .1        a:    .nucU  Ly  toe  iksdliHticiii  of  the  raw  i:^. 

-.•  ur'/Dj.cw  asiitir  verr  rapidly  a  mix:-:: 


/t  '' ' 
-"^'"J/  *    ,  :aeequil:briiniL7ir:ourDc«fcSOorrespcCsi:i; 

.j-eidiurc,  and  v.  -utt  partial  pfcssures  r. 

^'^^*'^*'  .  at  I200*  and  ic^-arafc  CO  will  constitait 


;; 


L      •  .     .  lae  total  oxides  ".c  :arr»oii  present.^    Ai>:. 

I'  -  -  i lion  of  CO  yrZ.  sarvjve  as  the  producri 

X  ,.  until  the  farther  cxv'gen  supply  requin-i 

.^  met  with. 

,  t.ai  that  the  fuel  bed  in  most  types  of  coal- 
^  ..luarily  as  a  "gas-jM^odacer,"  and«  judgir^ 
.   .  idctical  tests  recently  carried  out  by  Ameri- 
>  .^v^u  d  64n.  fuel  bed,  the  atmospheric  oxygeD 
..e  grate  is  all  used  up  within  the  lower  4  in. 
-.ae  of  highest  temperature  (1200®  to  1500'' C. 
draught ")  was  found  to  be  usually  about  3  in. 
^:ate,  and  the  composition  of  the  gases  in  it 
.w  pendent  of  the  rat^  at  which  the  air  was 
.v^agh  the  fuel  bed,  an  inciease  in  the  draught 
^  ...e  rate  .at  which  the  carbon  of  the  coke  was 
.  ^  :ae  maximum  temperature  of  the  bed. 

.^>t  results  with  an  ordinary  bituminous  coal 
.    .ccessary  to  operate  with  a  thicker  fuel  bed 
.  desirable  to  consume  within  such  a  bed  more 
x  oxygen  required  for  the  complete  com- 
.   joal  substance.    The  hot  gases  issuing  from 
^  \wll  usually  contain,  say,  between  20  and 
a/oustible  constituents  (carbon  monoxide, 
..U  other  hydrocarbons)  hut  practically  no 
w  .etely  these  combustible  gases  and  vapours    ^ 
.  Juce  over  the  fuel  bed  an  additional  air     \ 
V  '  air),  preferably  in  thin  streams  of  high     I 

.«.  .oi  absolute  state  of  equilibrium  in  the  system 

kUy  attained  in  practice,  but  only  that  it  is  so 

>^ii>'«mt  the  views  here  esEpressed.  Thus,  for 
.  .0  that  at  1300**  C.  a  contact  of  4  seconds  of 
.  .o^cat  carbon  is  sufficient  to  establish  very 
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ll. 


I  »lll 


Liry  "  air  supply  may  advantageously 


'  -I. 


'  i^.   ""TON  OF  THE  Coal  in  the  Upper  Layers  of  the 

Fire 

.ii.aii  temperature  in  the  upper  region  of  the  fire  during 

. -I illation  of  each  successive  charge  of  raw  coal  is  difficult 

rlinate,  but  it  may  reasonably  be  supposed  to  be  at  some 

•  intermediate  between  600°  and  1000°  C. 

I  iie  foDowing  table,  compiled  from  the  results  of  distillation 

I  ->  at  800°  C.  upon  a  series  of  typical  British  coals  carried  out 

1 009  under  the  direction  of  the  late  Professor  E.  J.  Constam,  at 

:ie  Zurich  Pnifungsanstalt  fiir  Brenstofife,^  will  give  an  approxi- 

:nate  idea  of  the  proportionate  yields  of  coke,  gas,  tar,  water,  etc., 

•  obtained  at  that  temperature,  and  the  heat  balance  of  the  process. 


TABLE  XLVII 
Rbsults  of  Dishllation  Tbsts  at  800*  C.  (Constam) 


zoo  Parts  Drv  Ash-free 
Coal  yielded. 


Lanes,  Trencherbone 

Yorks,  Bamsley 
S.     Wales,    Dixon's 
Navigation       .     . 


Coke. 

Gas. 

Taraad 
Pitch. 

59-7 
63-2 

63*  I 

21*2 

19-9 

21*2 

9-3 
lo*6 
Z2*0 

69-2 

657 
70*0 

17-9 

I7'6 
14*6 

9.7 

xi«7 
8-5 

8o*9 

"•5 

4-5 

Water. 


9-5 

5-8 
3.2 

3*o 

4-8 
6*6 

2*8 


Heat  Balance 
Expressed  as  Per- 
centages of  Net 
Cal.  Value  of 
the  Coal. 


Coke. 

Gat. 

6l'3 

22'7 

64*1 

20*2 

6l«7 

22*8 

65-3 

22*1 

637 

20'6 

70-4 

l8-3 

76.7 

i6*9 

Tar  and 
Pitch. 


I0«0 

II*3 

Z2*4 

9.7 

ii«7 
8-9 

4-3 


Taking  then  the  case  of  a  steam  coal  of  the  Bamsley  tj^, 
yielding  on  distillation  in  the  upper  part  of  the  fire  (say)  70  per 
cent,  of  its  energy  as  coke,  20  per  cent,  as  gas,  and  the  remaining 
10  per  cent,  as  other  volatile  matter  (tar  and  pitch),  and  assuming 
that  in  the  lower  part  of  the  fire  the  carbon  in  the  coke  is  converted 
by  the  primary  air  supply  into  COj  and  CO  in  the  ratio  10 :  90, 
then  it  may  be  shown  that,  of  the  total  energy  of  the  coal,  only 

^  Constam  and  Kolbe,  Joum,  jikr  Gasbeleuchtung,  Nr.  36,  4  Sept.,  19^ 
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so  in  practice  wiU  be  seen  when  Karl  Wendt's  expeiimenlsi 
the  action  of  air  upon  carbon  in  gas-producers  are  c 
later  chapter  {vide  Chapter  XVII). 

We  are,  therefore,  justified  in  concluding  that  in  the  l| 
layers  of  the  furnace,  where  the  incoming  "  primary  "  aifd 
the  incandescent  coke  formed  by  the  distillation  of  ihe  raw 
in  the  upper  layers,  there  probably  results  vevy  rapidly  a  D  " 
of  CO  and  C0|  in  nearly  the  equihbrium  proportions  CI 
to  the  prevailing  temperature,  and  to  the  partial  [ 
these  gases,  and  that  at  1200°  and  upwards  CO  will  c 
nearly  99  per  cent,  of  the  total  oxides  of  carbon  pre 
that  this  large  proportion  of  CO  will  survive  as  t 
ascend  the  fuel  bed,  until  the  further  oxygen  su[^ 
for  its  combustion  is  met  with. 

It  thus  would  appear  that  the  fuel  bed  in  most  types  iH 
fired  furnaces  acts  primarily  as  a  "gas-producer,"  and,  ji 
from  the  results  of  practical  tests  recently  carried  out  by  A 
can  investigators  upon  a  6-in.  fuel  bed,  the  atmospheric  ox] 
drawn  in  through  the  grate  is  all  used  up  within  the  lower  4 
of  the  fire.     The  zone  of  highest  temperature  (1300"  to  1500^ 
accordittg  to  the  "  draught  ")  was  found  to  be  usually  about  jH 
to  3  in.  above  the  grate,  and  the  composition  of  the  gases  il 
was  practically  independent  of   the  rale  at  which  the  »" 
drawn  or  forced  through  the  fuel  bed,  an  incre  "  ^ 

merely  increasing  the  rate  .at  which  the  carbon  of  thftfl 
gasified  and  raisuig  the  maximum  temperature  of  theh 

To  obtain  the  best  results  with  an  ordinary  bitui 
it  is  usually  not  necessary  to  operate  with  a  thich 
than  6  in.,  nor  is  it  desirable  to  consume  wiPiin  such  a 
than  about   half    the  oxygen   required   for  the  con 
bustion  of  the  total  coal  substance.     The  hot  gases  iss 
tlie  top  of  the  bed  will  usually  contain,  say,  between 
40   per  cent,   of    combustible  constituents   (carbon  1 
hydrogen,  methane  and  other  hydrocarbons)  but  practlc 
oxygen;  to  burn  completely  these  combustible  gases  and 
it  is  necessary  to  introduce  over  the  fuel  bed  an  addit:  jufli 
supply  (the  "  secondary  "  air),  prcfaiaMy  in  thin  streart^^  p/l 


*  It  is  not  BugEdtud  that 
iCO  ^  C -I- CO,  la  ever  «hi 
nearly  approached  U  la,)* 

example,  it  baa  ' -" 

the    gases  with 
nearly  an  eqniUI 


equilibrium  ia 
'"""  -■..  but  only  tljai 
expressed . 
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The  initial  stage  involves  the  formation  of  methyl  alcohol  (stage  i) , 
which  is  then  further  oxidised  to  an  unstable  dihydroxy  compound, 
which  immediately  breaks  up  into  steam  and  formaldehyde 
(stage  2).  The  latter  is  subsequentiy  oxidised  via  formic  acid 
(stage  3),  which  may  partiy  break  up  into  CO  and  H^O,  to  the 
highly  unstable  carbonic  acid  (stage  4),  which  at  once  breaks  up 
into  COj  and  Hfi,  According  to  this  view  steam  and  oxides  of 
carbon  are  never  the  immediate,  but  always  the  remoter,  products 
of  the  successive  oxidation  stages. 

At  temperatures  above  the  ignition  point,  as  in  ordinary  flames, 
the  formaldehyde  produced  by  decomposition  at  stage  2  is  itself 
so  rapidly  resolved  by  heat  into  carbon  monoxide  and  hydrogen 
that  in  aU  probability  the  final  stages  of  the  process  are  concerned 
only  with  the  independent  oxidations  of  these  gases,  thus : — 

H                       H  H 

HCH  < HCOH ►  HCOH 

ft  ft  Oh 


H 
H,0  +  HC:0 

CO+Ua 

I         I 
CO,    H,0 

The  complete  combustion  of  such  gases  as  carbon  monoxide, 
hydrogen,  methane,  ethylene,  which  are  generated  within  the  fuel 
bed,  presents  no  great  difficulties,  provided  that  the  secondary 
air  supply  be  both  sufficient  (but  not  excessive)  in  quantity  and 
is  properly  distributed.  The  flooding  of  the  furnace  with  an 
excessive  supply  of  cold  air  is,  however,  to  be  avoided,  inasmuch 
as  it  is  calculated  to  dilute  and  cool  down  the  interacting  gases 
to  a  point  which  either  stops  or  greatly  retards  combustion ;  and 
in  hand-fired  furnaces,  where  the  fuel  is  thrown  in  at  intervals 
through  the  open  door,  it  is  a  proUfic  cause  of  loss  "  by  incomplete 
combustion,"  the  unbumt  gases  being  carried  up  the  chimney  to 
the  accompaniment  of  black  smoke.  Such  losses  may,  however, 
be  largely  prevented  by  good  furnace  design  combined  with 
mechanical  stoking  arrangements,  whereby  the  fuel  is  introduced 
continuously  and  the  air  supply  can  be  so  regulated  as  to  main- 
tain as  nearly  as  possible  constant  conditions  in  the  space 
immediately  above  the  fuel  bed. 
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Bl.m:k  Smoee  and  its  Pbetemtiom 
Tbe  ccdb^sboo  of  the  bea\ier  hydrocarbons  which  constitTiu 
tbe  tury  vipcors  produced  In'  the  distiUatioii  of  the  coal  is  i 
ii:3:h  ia~zv  ^ifxr^i  nutter,  tnasnuch  as  their  more  cotnjAti 
m.uecolar  <i.-c5timiioo  readers  them  not  only  more  resistant  tc 
oxyeen  arracs.  b-t  aUo  prooe.  under  the  roasting  inflnexice  cl 
beat,  to  fc^m  sizH  denser  molecolar  aggregates  by  a  series  oi 
intemal  Cvodensabons.  Without  doubt  the  production  of  the 
mixnire  of  soot  aad  dense  b>'drocarbons  which  constitute  black 
smcke  b  lareely  due  to  this  circomstance.  The  best  way  of 
couiiteracuii^  it  is  to  eosuie  a  unifonn  SQp[dy  and  distribution 
of  "prebeaied"  air,  so  as  to  keep  the  interacting  gaseous 
inec:-,:in  wtU  abo^t  the  ignition  point  of  the  tarry  vapours  it 
c\'-:Ai^.  and  to  ensure  that  all  parts  of  it  are  suffidently, 
tbcuih  not  excessi\iely,  suppbcd  with  the  necessary  oxygen 
fcT  the  maintenance  of  ^i^orous  ctmibnstion.  Also,  devices 
wiuch  vm  cause  the  burning  mixture  to  impinge  on  incandescent 
tr^bnck  surfaces  in  the  furnace  (see  "Surface  Combustion"}, 
tbervby  accelerating  combustion,  nill  undoubtedly  minimise, 
e>ie=  li  it  does  not  altogether  prewnt,  smoke  production. 

It  is  obvious  that,  so  long  as  a  coal  is  "  free-burning,"  the 
ssul^i^r  the  amount  of  v'ulatile  matter  it  contains  the  less  will  be 
Its  lubUity  to  cause  smoke,  and,  inasmuch  as  smoke  production 
is  alwa^-s  a  sign  of  incomplete  combustion,  the  more  efficiently  can 
it  be  burnt.  Hence  arises  the  good  reputation  of  the  celebn^ted 
sr mi -b; luminous  Welsh  "  steam  coals,"  containing  from  lO  to  ij 
fvr  cfnt.  of  wlatik  matter,  which  bum  almost  smokelessly. 
As,  bon'ev'er,  such  smokeless  coals  are  only  available  in  certain 
f*\vured  kvalities.  it  has  been  frequently  suggested  that,  as  a 
{ir.x'd  nx-ans  of  pre\Tnting  smoke,  suitable  bituminous  coals  might 
tv  submitted  to  a  preliminary  process  of  expelling  or  decomposing 
t^ir  smoke-pnvlucing  constituents  by  low  temperature  distilla- 
o^-s  U)  a  separate  apparatus  before  being  burnt  in  boiler  furnaces 
asd  the  tike.  AikI  if  such  a  [Htxress  could  be  carried  out  econo- 
asx-JLlI>'  SO  as  to  xield  "  semi-coke  "  of  sufficient  strength,  the 
ri-.^4nu  of  boiler  firing  »itti  solid  fuel  would  be  much  simplified 
;  .?« -.imi-  bowewr,  ilie  acldev'ement  of  really  efficient  combustion 
^■%jc  itCl  tirpend  upon  the  proper  regulation  and  distribution 
M  Iwd  |cuftu>'  and  secondar)'  air  supplies,  and  the  maintenance 
^  «M)Cs  coodttkuns  in  the  furnace.  And  for  this  purpose,  both 
ij8 
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THE  COMBUSTION  OF  COAL 

^  Kood  draught  and  effective  means  of  regulating  it,  are  absolutely 
essexitial  as  a  prime  condition  of  success. 

In  hand-fiired  boiler  fumaces,  and  especially  when  "  forcing  " 
"taxrtics  are  not  necessary,  a  good  plan  is  to  charge  the  raw  coal 
on  to  the  dead  plate  just  within  the  door  in  order  that  it  may 
tliere  undergo  a  short  preliminary  "  low  temperature  "  distillation 
before  it  is  distributed  over  and  burnt  in  the  grate.    The  heavier 
vola.tile  matter  so  expelled,  if  properly  admixed  with  air  admitted 
al3ove  the  grate,  will  be  carried  forward  and  burnt  over  the  in- 
candescent fuel  bed,  and  when  near  the  fire-bridge  the  gases  will 
encounter  a  further  supply  of  air.    Also,  the  proper  spreading 
of  the  fuel  on  the  fire  should  be  attended  to ;  a  good  plan  is  to 
fire  alternately  to  the  back  and  front,  or  to  the  right  and  left  side 
of  the  grate. 

In  the  case  of  large  boiler  installations,  however,  there  can  be 
no  question  of  the  superiority  over  the  ordinary  hand-firing  of 
a  well-designed  mechanical  stoking  arrangement  with  a  moving 
chain  grate,  for  not  only  do  such  devices  ensure  a  continuous  feed 
of  the  fuel,  but  they  also  allow  of  a  much  better  control  and 
uniform  distribution  of  the  air  supplies,  and  keep  the  fuel  bed 
in  regular  movement,  all  of  which  contribute  to  the  maintenance 
of  uniformity  of  conditions  and  high  temperatures  in  the  furnace. 
"  Underfeed"  Stoking. — Mention  may  here  be  made  of  the 
system  of  "  underfeed "  stoking  for  boiler  furnaces  invented 
some  years  ago  by  E.  W.  Jones^  of  Portland,  Oregon,  U.S.A., 
whereby  coal,  instead  of  being  thrown  on  to  the  top  of  the  fire 
in  the  usual  manner,  is  thrust  upwards  into  it  from  below,  by 
means  of  a  special  mechanical  arrangement,  in  such  a  way  that 
the  preliminary  distillation  of  the  raw  fuel  takes  place  in  the 
lowest  regions  of  the  fire,  and  the  products  resulting  therefrom 
mix  with  streams  of  hot  air  and  are  completely  burnt  as  they 
rise  through  the  hottest  regions  of  the  fire. 

The  principle  of  such  underfeed  stoking,  as  applied  to  the 
flue  of  a  Lancashire  boiler,  is  illustrated  in  Figs.  21  and  22. 
The  raw  fuel  is  mechanically  fed  from  a  hopper,  or  other  suitable 
leceptacle,  into  a  horizontal  trough.  A,  along  which  it  is  pushed 
by  means  of  a  screw  or  worm  conveyer.  The  neck,  B,  of  this 
trough^  in  which  the  fuel  is  first  ignited,  expands  upwards  until 
it  opens  out  on  to  the  sloping  terraced  grate,  CC,  of  the  furnace, 
through  the  bars  of  which  the  air  needed  for  combustion  is  ad- 
mitted. Also,  there  is  an  air  opening  or  twyer,  DD,  where  the 
top  of  the  neck  opens  out  on  to  the  grate.    The  air  needed  for 
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fii^Tiaces,  It  b,  of  course,  well  known  that  a  mixture  ol  finely 
^^vicied  coal  dust  and  air  is  explosive,  and  there  can  be  no  doubt 
l>*it  that  in  burning  coal  the  excess  of  air  actually  required  will 
fiiminish  with  the  fineness  of  division  of  the  fuel  and  the  intimacy 
of  its  admixture  with  air.  The  rapidity  and  efficiency  of  the 
combustion  will  increase  the  more  nearly  the  system  approaches 
t^tie  homogeneity  of  a  properly  proportioned  gas-air  mixture. 

So  fax  as  boilers  are  concerned,  some  details  of  one  successful 
(ievice  will  be  given  in  the  next  chapter.  With  regard  to  other 
types  of  furnaces,  a  system  of  burning  powdered  fuel  was  proposed 
by  Crampton  ^  in  which  the  coal  was  pulverised  until  it  passed 
tliFough  a  30-mesh  sieve  and  was  fed  into  the  furnace  by  an 
injector,  air  being  supplied  in  measured  quantities  by  means  of 
a.  fan  so  that  intense  heat  was  generated. 

In  recent  years  the  system  seems  to  have  made  marked  pro- 
gress in  America  and  has  been  applied  to  cement  kilns  and 
reverberatory  furnaces  for  metallurgical  purposes.  In  1906  the 
attention  of  the  metallurgical  world  was  again  drawn  to  the 
possibilities  of  utilising  pulverised  coal  in  reverberatory  furnaces 
by  S.  S.  Sorensen,  who  showed,  is  the  result  of  large  scale  trials, 
that  the  efficiency,  as  measured  by  the  ratio  of  the  ore  to  the  fuel 
consumed,  is  considerably  increased  by  the  substitution  of  coal 
dust  for  ordinary  grate  firing.  A  further  development  was  made 
by  Shelby  at  Cananea,  Mexico,  in  1908,  but  both  of  these  pioneers 
experienced  troubles  owing  to  the  accumulation  of  ash  in  the  flues 
and  to  interruptions  in  the  coal-dust  feed. 

The  next  step  forward  is  to  be  credited  to  technologists  in  the 
cement  industry,  whose  experience  brought  out  the  necessity  for 
drying  the  fuel  and  reducing  it  to  an  impalpable  powder  before 
burning  it  in  their  kilns.  As  the  result  of  recent  progress  the 
difficulties  referred  to  are  now  reported  to  have  been  overcome. 

It  is  also  stated  in  American  journals  that,  with  the  adoption 
of  improved  charging  methods,  which  are  said  to  obviate  fetthng, 
the  modem  coal-dust-fired  reverberatory  furnaces  are  likely  to 
compare  favourably  with  the  blast  furnace  in  the  copper  industry. 
The  coal  is  dried  and  reduced  to  a  sufficiently  fine  state  of  division 
that  it  may  be  easily  suspended  and  carried  forward  in  the  air 
blast  as  a  practically  homogeneous  mixture.  The  air  blast 
(which  constitutes  the  "  primary  "  air  supply  only)  is  operated 
at  a  pressure  of  from  8  oz.  to  16  oz.  per  square  inch. 

"  1e  development  of  the  earlier  work  of  Sorensen  and 
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through  a  200  mesh  and  95  per  cent,  of  it  through  a 

xoo  mesh. 
^    lliat  the  furnace  shall  be  specially  designed  both  as  legards 

shape  and  proportions,  and  be  suitably  equipped  with 

burners  and  feeding  arrangements  so  that  the  relative 

deliveries  of  coal  dust  and  air  can  be  well  controlled. 
(,4.)    Special  provision  should  be  made  for  the  periodic  removal 

of  the  ash  deposited  in  the  flues  at  the  far  end  of  the 

furnace. 

In  the  year  1916  trials  were  made  of  applying  coal-dust  firing 
.0  locomotive  boilers  and  open-hearth  steel  furnaces,  and  it  is 
evident  that  in  America  considerable  developments  of  the  system 
are  likely  to  take  place  in  the  near  future. 

The  reader  is  referred  to  the  following  papers  for  further 
information  on  the  subject  of  these  developments : — 

(i)  "  Use  of  Pulverised  Coal  in  Metallurgical  Furnaces,"  by 
James  Lord  in  Proc.  Eng.  Soc.  of  West  Penn.,  October,  1913. 

(2)  "  Pulverised  Coal  as  a  Fuel,"  Anon,  in  Eng.  and  Mining 
Joum.,  May  16,  1914. 

(3)  "  Coal  Dust  Fired  Reverberatories  at  Washoe  Reduction 
Works,"  by  Louis  V.  Bender ;  also  another  paper  on  the  same 
subject  by  D,  H.  Browne,  of  the  Canadian  Copper  Co.,  in  Trans. 
Amer.  Inst.  Min.  Eng.,  January  r,  1915. 

(4)  Discussion  of  Paperson  "  Coal  Dust  Fired  Reverberatories," 
in  Trans.  Amer.  Inst.  Min.  Eng.,  May,  1915. 

(5)  "  Anaconda  Coal  Pulverising  Plant,"  byE.  P.  Matthewson, 
in  Eng.  and  Mining  Joum.,  July  10,  1915. 

(6)  "  Pulverized  Coal  for  Copper  Smelting,"  by  N.  L.  Warford, 
in  Min.  and  Eng.  World,  November  6, 1915. 

(7)  "Contribution  to  Symposium  on  Utilisation  of  Fuels  in 
Metallurgy,"  by  E.  P.  Matthewson,  in  Inter.  Engin.  Congress,  1915. 

(8)  Kuzell  (Pan  American  Scientific  Congress,  Washington), 
Eng.  and  Mining  Joum.,  101,  No.  7,  303,  February,  igi6. 

(9)  "  Development 5  in  Smelting  Practice  of  Anaconda  Copper 
Mining  Co.,"  Eng.  and  Mining  Joum.,  102,  No.  15,  633.  777, 
October  7, 1916. 

{10)  Engineering.  January  5,  1917  {E.  Muhlfield,  Amer.  Soc. 
Mech,  Eng.,  and  J.  W.  Fuller,  Amer.  Iron  and  Steel  Inst). 

{n)  W.L.  Robinson  {Seventh  American  Convention  of  Railway 
Fuel  Association),  fHi",  fl«<iilf»«»»g7o«m.,  100,  No.  I,  19.   -    ^ 
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COMBUSTION  AND  HEAT   TRANSMISSION 

'er  -without  loss  of  any  kind,  a  horse-power  hour  would  be 
-fcra.ted  by  the  expenditure  of  no  more  than  about  one-fifth  of 
>oiax»d  of  coal.  But  even  in  the  very  best  modem  practice, 
■ether  of  the  largest  steam  turbines  or  of  the  most  efficient 
3-engine  plants,  it  has  not  yet  been  found  possible  to  obtain 
t^^egular  running  a  horse-power  hour  from  a  smaller  consump- 
3n.  tlian  about  one  pound  of  coal,  or  say  about  five  times  the 
leoretical  figure. 

So  far  as  steam  installations  are  concerned,  such  a  result  was 
c-tuadly  achieved  in  1915  during  the  trial  of  the  new  35,000  H.P. 
■axsons  turbo-alternator  at  the  Fisk  Street  Power  Station  in 
^liicago.  Working  with  steam  at  200  lb.  gauge  pressure  and 
500°  Fahr.  superheat,  with  a  vacuum  of  ag  in.,  a  shaft  horse- 
poiwer  hour  was  developed  for  a  steam  consumption  equivalent 
to  9600  B.Th.Us.,  which  (assuming  a  boiler  efficiency  of  75  per 
cent.)  would  be  equivalent  to  a  consumption  of  i  lb.  of  coal  of 
*tet  calorific  value  12,800  B.Th,Us.  per  lb. 

It  may,  however,  be  doubted  whether  in  even  the  largest  and 
most  modem  of  British  power  stations  the  coal  consumption 
averages  throughout  the  year  less  than  2  lb.  per  horse-power 
lioiir  generated,  whilst  for  the  country  as  a  whole  it  has  been 
estimated  at  as  much  as  5  lb. 

Inasmuch,  however,  as  a  steam-power  plant  comprises  both 
boiler  and  engine,  it  is  necessary,  in' apportioning  the  losses, 
to  discriminate  between  the  two  parts.  And,  inasmuch  as  the 
average  efficiency  of  the  best  types  of  land  boilers  may  be  assumed 
to  be  about  75  per  cent.,  the  losses  upon  a  good  modem  steam 
plant,  consuming  on  the  average  no  more  than  20  lb.  of  coal 
per  shaft  horse-power  hour  generated,  would  be  distributed 
somewhat  as  follows : — 

Per -cent. 
Boiler        .         .         .         •     25\_  ^  , 
Engine,  etc.        .         .         .     65  /  ^°*^  =  ^o  P«r  cent. 

If,  however,  the  average  coal  consumption  could  be  reduced 

to  that  actually  realised  during  the  Chicago  trial  of  19151  the 
losses  would  be  :— 

Per  cent. 

S"^""        •         ■         ■         •     "S|Total  =  8o  per  cent 
Engme,  etc.        ...     55  J  *^ 

How  the  23  per  cent,  lost  at  the  boiler  is  made  up  may  be  judged 
(rom  the  foUovring  typical  heat-balance  of  a  trial  of  a  maj? 
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iterred  to  the  "dry  ashless"  fuel. 
.r  percentage  of  such  "volatiles," 

an  excessive  loss  on  account  of  in- 
LiUy  if  the  design  of  the  furnace  is 

I  hose  yielding  a  lower  percentage, 
-  of  air  must  usually  be  supplied  in 
n  at  a  rate  sufficient  to  ensure  rapid 
wMch  means  an  excessive  loss  of 


'  '11  illustrated  by  a  series  of  steam 
!  ii^sor  Constant  in  conjunction  with 
!  ill  U  of  different  types  and  origin  were 
'  <  I  .1  liand-fired  marine  boiler.  Each  trial 
:  lit  hxij]'^,  and  the  conditions  were  regulated 
!■;  possible  the  same  mean  rate  of  evaporation 
I  i>iit;lioiil  the  whole  series.  The  results  which 
in  laMe  XLVIH  may  be  commended  to  the 
tl  itu'ly,  not  only  as  bearit^  out  the  conclusion 
r  to.  bill  also  as  showing  the  general  features  of 
i;  -lu  h  a  hand-fired  boiler  evaporating  water 
ill.  rule  of  about  4-2  lb.  per  square  foot  of 
,  ;  liDur,  It  may  be  pointed  out  that  in 
,  1  liif  heat  losses  by  radiation,  etc.,  are  decidedly 
n  Nos.  I  to  IV  inclusive,  a  circumstance  which 
ntablc  except  en  the  supposition  that  the  chimney 
underestimated  in  Nos.  IV  and  V. 
ling  a  steam  coal,  not  only  should  the  calorific  power 
rentage  of  volatile  matter  yielded  when  it  is  carbonised 
,C.  be  taken  into  consideration,  but  also  its  free-burning 
and  the  amount  and  character  of  its  ash  content. 
content  is  to  be  avoided,  not  only  because  it  involves 
in  stoking  and  cleaning  the  fire,  but  also,  and 
if  it  be  of  a  fusible  character,  because  it  may  entail 
loss  of  "  unburnt  carbon  "  at  the  grate  and  become 
source  of  "  clinkering  "  troubles.  These  faults  are 
when  the  boiler  is  worked  under  high  draught, 
be  a  good  thing  if  the  custom  were  to  be  established 
.ain  of  basing  contracts  for  steam  coal  on  an  agreed 
idard,  together  with  an  agreed  ash  content.  In  the 
it  is  customary  for  the  contract  price  of  coal  to 
with  reference  to  certain  stipulated  figures  for  both 
"    •inis  dtuf.  Ingenitun,  1909,  p.  1857. 
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CaAlSUSTION  AND  HEAT  TRANSMISSION 

^c.  value   and  ash  content.    Variations  within  2  per  cent. 

her  side  of  the  particular  fixed  calorific  standard  do  not 

tYie  contract  price,  but  variations  exceeding  these  limits 

^e  a.  proportionate  increase  or  decrease  in  the  price.    And, 

regard  to  ash  content,  anything  which  does  not  exceed  the 

d  standard  by  more  than  two  whole  units  per  cent,  does  not 

t  the  contract  price,  but  if  this  neutral  2  per  cent,  margin 

cceeded,  then  each  successive  unit  per  cent,  by  which  it  is 

Kceeded  involves  a  steadily-increasing  deduction  in  the  price, 

>rdiiig  to  a  pre-determined  sliding  scale,  of  which  the  following 

y  l>e  quoted  as  an  example  : — 


TABLE  XLIX 


As 
Agreed. 


No 

Chaoge 

in  Price 

up  to. 


Cents,  per  Ton  to  be  deducted  for  the 
Higher  Ash  Content. 


2. 


Z2. 


18. 


Ash 
Contents 


1 


50 
6*o 

7'0 


7»o 
8*o 
9*o 


7to  8 
8to  9 
9  to  10 


8to  9 

9toxo 

lotoii 


9  to  10 
lotoii 

IltOI2 


10  to  II 

11  to  12 

12  to  13 


11  to  12 

12  to  13 

13  to  14 


(b)  Avoidance  of  an  Unsoftened  "  Hard  "  Feed  Water. 

The  formation  of  "scale"  of  low  heat  conductivity  on  the 

tubes  of  a  boiler  is  a  prolific  cause  of  heat  losses  and  other  serious 

derangements,  especially  in  districts  where  the  available  supplies 

of  water  are  naturally  "  hard."    Hard  waters  are  those  which 

are  more  or  less  charged  with  "  scale  forming  "  mineral  impurities 

such  as  calcium,  magnesium,  or  ferrous  bicarbonates,  calcium 

sulphate,  siUca,  or  with  salts  such  as  the  chloride,  sulphate,  or 

nitrate  of  magnesium  which  aid  scale  formation,  especially  at 

high  boiler  pressures  and  in  the  presence  of  iron  salts,  by  secondary 

interactions  such  as  the  following : — 

-  (I)  MgCl,  +  2H,0  =  Mg(OH),  +  2HCI ; 
(2)  MgCl,  +  CaCOa  +  H,0  =  Mg(OH),  +  CaCl,  +  CO,. 

With  regard  to  the  conunoner  "  scale  forming  "  mineral  con- 
stituents of  natural  waters,  it  may  be  said  that  whilst  the  "  soft 
scale  "  deposited  in  feed  water  heaters  and  the  like,  where  the 
temperature  is  below  100°  C.  is  almost  always  composed  of  the 
carbonates  of  calcium  and  magnesium,  the  cementing  material 
of  the  "  hard  scale  "  deposited  on  the  boiler  tubes  is  frequently 
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COJV^BUSTION  AND  HEAT   TRANSMISSION 

»iieA  at  o"  C.  and  760  m,ni.  barometric  pressure  {=  142-6  cub. 

IS**  C  and  760  m.m.)  and  the  cooled  products  would  contain 
r  per  cent,  of  carbon  dioxide.  But  in  actual  practice  it  is 
T  possible  to  bum  coal  perfectly  on  the  grate  of  a  boiler 
a.ce.  ■^wltli  only  this  theoretical  quantity  of  air,  owing  to  the 

that  'with  relatively  large  masses  of  a  solid  fuel,  and  with 
Tvcning  fairly  wide  air-passages,  the  air-supply  is  never  so 
mately  or  homogeneously  in  contact  with  the  combustible 
t^er  as  it  is  in  the  case  of  an  explosive  mixture  of  gas  and  air 


DAXIO-     A'ft  ACTUALLY  l»UWH  THHOUGM  THE   BolttR  SySTSM. 
n«  ■  IV,     ^,^  THWntTiCAlW  REQUIRED   TOT  CqmBUSTION. 


Fig.  33. — Curve  showing  the  Relation  between  the  Percentage  of  Carbon 
Dimcide  in  the  Fine  Gases  and  the  Volnme  of  Air  drawn  tbrongh  the 
Boiler  System. 

in  the  cylinder  of  a  gas  engine  at  the  moment  of  ignition.  It 
■  fidd  be  considered  exceedingly  good  boiler  practice  to  bum 
Lfimpletely  a  coal  sucli  as  the  one  in  question  in  no  more  than  1-5 
times  the  theoretical  quantity  of  air,  in  which  case  the  cooled 
products  would  contain  ;— 

CO,  =  1208,  0,  =  7-i6,  N,  =  8076  per  cent. 
If,  however,  twice  ihe  theoretical  quantity  of  air  were  drawn 
through  the  furnace,  the  chimney  gases  would  contain  : — 

CO,  =  899,  0(  =  10-66,  N,  =  80-35  per  ce- 
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If  the  ultimate  chemical  composition  of  a  coal  is  exactly 
known,  a  curve  may  be  drawn  showing  the  relationship  between 
the  percentage  of  carbon  dioxide  in  the  chimney  gases  and  the 
quantity  of  air  (in  terms  of  that  theoretically  required)  drawn 
through  the  boiler  system.  Such  a  curve  is  shown  in  Fig.  23 
for  the  particular  coal  in  question. 

It  cannot  be  too  often  insisted  upon  that  an  adequate  and 
easily  regulated  draught  is  a  sine  qua  non  of  efficient  combustion 
in  a  boiler,  and  inasmuch  as  land  boilers  usually  rely  entirely 
upon  chimney  draught,  the  proper  design  and  dimensioning  of 
the  chimney  and  connecting  flues  in  relation  to  the  number  and 
total  capacity  of  the  separate  units  in  a  boiler  installation  is  a 
matter  of  prime  importance. 

It  must  also  be  borne  in  mind  that  a  chimney  is  more  than 
a  mere  duct  for  products  of  combustion ;  its  function  is  to  create 
a  sufficient  suction  at  the  furnace  to  draw  in  the  air  needed  to 
bum  the  fuel,  and  to  discharge  the  products  of  combustion  into 
the  atmosphere  at  a  sufficient  height  to  render  them  reasonably 
inoffensive. 

The  force  or  intensity  of  the  draught  produced  by  a  chimney 
is  caused  by  the  difference  in  the  weight  of  the  colvmm  of  heated 
air  in  the  chimney  and  that  of  a  similar  column  of  the  external 
atmosphere,  the  heights  of  both  columns  being  equal  to  the 
vertical  distance  between  the  fire  grate  of  the  boiler  and  the  top 
of  the  chimney.  In  practice,  however,  part  of  the  force  of  the 
draught  is  expended  in  overcoming  the  frictional  resistance 
opposed  by  the  chimney  and  its  connecting  flues  to  the  flowing 
gases. 

Certain  empirical  formulae  are  usually  employed  by  engineers 
for  calculating  both  the  draught  and  the  maximum  quantity  of 
air  which  a  given  chimney  will  draw  through  the  system  per  hour, 
thus  for  example  : — 

lid  =^  the  draught  in  inches  of  water, 
h  =  vertical  height  of  the  chimney  in  feet  above  the  fire  grate, 
i  =  atmospheric  temperature  in  Fahr.  degrees, 
T  =  temperature  of  the  chinmey  gases  in  Fahr.  degrees, 
E  =  effective  area  of  the  chimney,  which  for  circular  chimneys 

=  A  ~  0*6   Va   (Kent's  formula),   where   A  =  least 
internal  area, 
Q  =  maximum  quantity  of  air  in  lbs.  per  hour  which  the 
chimney  will  draw  through  the  system, 
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^-<f^-T^)'       ••■(■) 

Q  =  lOOOiEVA.* (2) 

or  the  purposes  of  boiler  calculations  it  may  be  taken  that 
ibic  foot  of  dry  air  at  15°  C.  and  760  in.in.  barometric  pressure 
g.hs  535  gr.  or  0-0764  lb.,  and  if  it  be  also  assumed  that  for  the 
cient  combustion  of  i  lb.  of  an  average  bituminous  coal  in 
.  furnace  at  least  1-5  times  the  theoretical  quantity  of  air, 
tnely  1-5  x  136  =  204  cub.  ft,,  will  be  drawn  through  the 
stem,  the  maximum  "  coal-buming  "  capacity  of  a  chimney 
given  height,  area,  and  water-gauge  draught  may  be  calculated 
'  means  of  the  foregoing  formula. 

This  "coal-burning  capacity"  is,  however,  again  limited 
y  the  area  of  the  grate,  for  it  is  obvious  that  the  total  area 
f  the  effective  air-passages  through  the  grate  might  be  too 
cnall  to  allow  of  the  maximum  chimney  capacity  being  actually 
ittained.    Also,  the  number  of  boilers  connected  with  a  given 

himney,  and  the  length  of  the  connecting  flues,  introduce 
mother  limitation  which  must  be  taken  into  account.  Hence 
the  following  empirical  formula  is  sometimes  employed  for 
calculating  the  smallest  internal  chimney  area  A  (square  feet) 
required  for  a  chimney  of  given  height  H  feet  to  bum  W  pounds 

oi  coal  per  hour  on  a  grate  area  G  square  feet,  assuming  that 

the  horizontal  distance  between  the  iire-grate  and  the  base  of 

the  chimney  does  not  exceed  150  ft., 

G  X  W  X  C  , 

*-        VH        •         •        •        •     (3) 

where  C  is  a  constant  dependent  upon  the  number  of  boilers 

connected  with  the  chimney  (C  =  o-ioo  for  i  boiler,  and  0-085 

for  2  to  6  boilers). 
But  such  formulae  as  these  do  not,  and  indeed  cannot,  take 

into  account  another  variable  factor,  namely,  the  character  of 
the  coal  burnt  and  the  thickness  of  the  fire.  For  it  is  obvious 
that  a  thick  fire,  or  one  composed  of  a  slack  coal,  will  require 
a  greater  draught  than  a  more  normal  one.  Also,  a  caking  coal 
or  an  anthracite  would  require  a  greater  draught  than  a  free- 
buming  steam  coaL 

'  Fiom  H.  R.  Kempe'a  Engititers'  Year  'Book,  to  which  tlic  reader  is 
nfcited  for  mndi  valuable  informatioa  legardisg  chimney  desii^ns. 

'  From  IncMey's  Sttmn  Boilers  (Ed.  Arnold)  and  Hutton's  '' ""-ler 

Cfttruttion  (Crosby,  Lockwood  &  Son). 
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fa;irtf  u  »^.'jct;i-     li  3U3t  i.  =i:«  X  s  Sr-^TTs  rhat  the  ajaa 

<)wft;»;  'ji  IrebL  i-js^  iiai  :»^'=i  jnr-.iirarfi,  w^iea  the  \T)li 
orjjI^u'.TjIjle  ntine  »  desit  ts^Jtsi  zl.bi  ti*  coal  at  a  gi 
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t  in  ll*e  (uraacc  d;*:^.    Aii:    xtt  Tariiricn  in  the  1 


1  I  lie  (toiler  will  afiect  ihe  a^:i;=:  x  rrei  Hmt  and  there: 
ihr  ()iiiii(;ht  required. 

Wltfii  I  (forced  or  induced  drastb:  is  trxd  to  a  boDer,  il 
lit  Kiiiinc,  jKishible  to  increase  the  nzt  ci  c;x=}:v:sot)a  of  the  < 
Kll  lln"  K""''  """^  *°  *^  obtain  better  its^Ts;,  pro\^ded  alvr. 
Ih'Hi'Vi'I,  (i)  (hat  a  high  furnace  temper^tcre  is  maintaii 
u  lili  II  liii|illf!t  tliat  the  furnace  shall  be  of  laipe  capacity  and  ' 
lliint  wlUi  liiflmck;  (2)  that  the  heating  surface  in  the  be 
llnill  la  ti<lu|itrd  to  the  higher  rate  of  beat  transmission  (q. 
m\<\  ( I)  llxiti  If  iictcHsary,  the  heating  surface  shall  be  exten 
nil  iin  til  rixil  down  tlie  burnt  products  suffidentlj-  before  they 
ilL'i  li.niii'il  Into  tlic  chimney,  and  this  may  often  best  be  done 
lii-.i,illh>tl  ilf\li('!i  for  cither  (i)  heating  the  feed  water,  or 
iMi'  UxiMiit;  Ihti  bfi'diidary  air-supply  to  the  boiler  furnace, 
111  Nii|H'ihi'iUiiiK  llit^slt^am.  One  of  the  advantages  of  forcec 
litiUii  I'tl  dirtii(ittt  ill  lt!i  easy  regulation,  but  with  induced  drau 
liiHoa  in-iV  ixvtir  through  tn-leakages  of  air  into  the  syst< 
t'txMili'd  tlt'it  nil  the  precautions  referred  to  are  taken,  for 
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dvxc^ed  draught  may  be  expected  to  lead  to  increased  efficiency 
greater  elasticity  under  varying  loads,  but  these  advantages 
l>e  entirely  nullified  or  even  outweighed  if  the  boiler  itself 
a.<ily  designed. 

1  the  case  of  a  lai^e  boiler  installation,  the  adoption  of 
:liajiical  stoking  will  nearly  always  pay,  not  merely  as  a  labour- 
ixig  device,  but  as  improving  the  conditions  of  combustion 
tile  furnace  and  thereby  increasii^  the  heat  efficiency  of  the 
tezn,  and  especially  when  low-grade  coals  are  used.  Such 
pro'ved  conditions  are  to  be  ascribed  mainly  to  the  fact  that 
tti  mechanical  stoking  the  coal  is  fed  on  to  the  fire  continuously 
small  quantities  instead  of  in  lai^e  amounts  at  comparatively 
og  intervals,  as  in  hand-firing.  Also  greater  unifonnity  in  the 
;a.\Lght  is  attained,  and  the  inrush  of  cold  air,  which  always 
:curs  when  the  furnace  doors  are  periodically  opened  in  hand- 
LCtking,  is  avoided. 

There  seems  to  be  a  concensus  of  opinion  amongst  comppteat 
adges  that,  from  the  point  of  view  of  heat  economy,  the  advan- 
ages  of  mechanical  stoking  over  hand-firing  are  greater  the 
ower  the  grade  of  the  fuel  employed.  Indeed,  mechanical 
itoking  tends  to  diminish  the  natural  difference  between  a  low- 
grade  and  a  high-grade  fuel  in  a  degree  which  increases  with  the 
extent  of  such  difference. 

This  last  point  is  well  illustrated  by  the  results  of  a  second 
series  of  comparative  trials  carried  out  by  the  late  Professor  £.  J. 
Constam  and  P.  Schlapfer  {loc.  cit.)  in  which  a  Lancashire  boiler 
was  filed,  alternately  by  hand  and  by  a  mechanical  "  under- 
feed "  arrangement,  with  a  series  of  four  German  (Ruhr  and  Saar) 
coals  of  descending  grades.     It  will  be  seen  from  the  accompany- 
ing Table  L,  in  which  their  results  are  set  out  in  detail,  that  the 
effect  of  the  "  underfeed  "  stoking  in  each  case  was  to  increase 
both  the  rate  at  which  fuel  was  burnt  on 'the  grate  and  the 
amount  of  steam  raised  per  unit  weight  of  coal  consumed,  as 
compared  with  the  same  coal  when  hand-fired.     With  regard, 
however,  to  the  "  efficiency  "  figures  (»'.  e.  the  percentage  of  the 
beat  utilised)  the  advantage   gained  by  the  mechanical  stoking 
was  not  nearly  so  great  with  the  two  highest  grades  of  coal 
(Ruhr  I  and  II)  as  it  was  in  the  case  of  the  other  two,  and  that 
the  advanti^e  was  by  far  the  greatest  with  the  lowest  grade  of 
all  the  coals.     An  examination  of  the  various  heat  losses  shows 
that  whereas  the  burnt  gases  always  carried  off  decidedly  less 
heat  when  the  boiler  was  hand-fired  than  they  <*  '^e 
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COI^BUSTION   AND   HEAT   TRANSMISSION 

a.'nicaJ.  arrangement  was  used,  this  advantage  was  always  far 
eighed  by  the  correspondingly  greater  combined  losses  in 
:L'n\>\ix'ci.t  gases,  smoke,  and  ashes  incidental  to  hand-firing. 

(d)  Chimney  Losses 
rom  the  boiler  there  passes  up  the  chimney  a  complex 
txire  of  (i)  burnt  products  of  combustion  plus  excess  of  air, 
t  is  to  say,  carbon  dioxide,  steam,  oxygen,  and  nitrogen; 
small  amounts  of  unbumt  gases,  mainly  carbon  monoxide, 
Irogen,  with  perhaps  traces  of  methane;  {3)  combustible  soot 
t\>ot\  -plus  tarry  matter) ;  (4)  traces  of  ammonium  compounds ; 
1  (5)  a  small  proportion  of  finely-divided  mineral  matter 
Aies)  carried  forward  from  the  furnace  by  the  draught.  All 
ese  constituents  are  hot,  and  tlierefore  carry  away  with  them 
&\r  "  sensible  heat,"  whilst  the  heat  of  combustion  of  those 
lumerated  under  (z)  and  (3)  represents  also  a  loss  of  chemical 
\s.rgy  which  might  have  been  developed  in  the  boiler  furnace 
ad  the  combustion  there  been  more  complete. 

It  must,  however,  be  remembered  that  some  part  of  what  are 
isually  termed  "chimney  losses"  does  not  really  represent  a 
Lead  loss  to  the  system,  inasmuch  as  the  expenditure  of  a  certain 
proportion  of  the  energy  of  combustion  is  necessary  to  create 
:he  clmnney  draught.  For  without  the  rapid  movement  of 
air  and  burnt  gases  thus  created  and  maintained  no  combustion 
of  the  fuel  would  take  place,  nor  would  there  be  any  heat  trans- 
mission in  the  boiler.  And  it  is  obvious  that  if  by  any  means 
the  burnt  gases  were  all  cooled  down  to  atmospheric  temperature 
before  leaving  the  boiler  system,  some  mechanical  device  would 
have  to  be  substituted  for  the  natural  chimney  draught.  Hence 
some  part  of  the  "  waste  heat*"  of  a  chimney  is  an  unavoidable 
expenditure  of  energy,  and  therefore  is  not,  strictly  speaking,  a 
loss.  It  may,  however,  be  safely  said  that  the  heat  carried  away 
upthechimneyisalwaysgreatlyinexcessof  that  which  is  needed 
to  move  the  gases  through  the  system,  namely  about  2  or  3 
per  cent,  of  the  total  heat  of  combustion  of  the  fueL 

A  glance  at  the  tabulated  results  of  Professor  Constam's  boiler 
trials  (Tables  XLVIII  and  L)  will  show  that  as  a  rule  by  far  the 
most  serious  chimney  loss  is  that  represented  by  the  sensible 
heat  of  the  burnt  gases  plus  the  excess  of  air  passing  up  it.  It 
is  only  in  exceptional  cases,  and  with  very  bad  stoking,  that  the 
loss  due  to  unbumt  gases,  or  even  smoke,  assumes  large  r- 
^ns,  whilst  that  due  to  the  presence  of  finely  dividec' 
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matter  or  ammonium  salts  in  the  chimney  gases  may  be  regarded 
as  insignificant. 

In  order  to  estimate  the  proportion  which  these  various  losses, 
both  separately  and  in  their  sum  total,  bear  to  the  heat  of  com- 
bustion of  the  coal,  it  is  necessary  to  have  exact  chemical  anals^ses 
both  of  the  coal  burnt  and  of  the  chinmey  gases,  and  to  know 
the  average  temperature  and  specific  heat  of  the  latter.  Deter- 
mination must  also  be  made  of  the  calorific  value  of  the  fuel 
burnt  and  of  the  temperature  and  hygrometric  condition  of  the 
air  drawn  into  the  furnace.  For  it  must  be  remembered  that 
it  is  never  possible  in  practice  to  bum  coal  "  dried  at  lOO**  C."  in 
dry  air ;  the  coal  will  usually  contain  between  2  and  5  per  cent, 
of  moisture,  and  the  air  drawn  into  the  system  will  contain  any- 
thing up  to  2  per  cent,  of  moisture.  Thus,  for  example,  if  i  lb.  of 
a  coal  containing  3  per  cent,  of  moisture  and  4-5  per  cent,  of 
"  disposable  hydrogen  "  be  burnt  with  i'5  times  the  theoretical 
quantity  of  air  of  60  per  cent,  saturation  at  60**  Fahr.  then  the 
amounts  of  steam  in  the  burnt  gases  will  be  somewhat  as  follows : — 

From  3-0    per  cent,  of  moisture  in  coal        .         .  *=  0*030  lb. 

.,      4-50    M     M      M   hydrogen  „    „  .         .     =  0-405  .. 

In  215  cub.  ft.  of  air  of  60  per  cent,  saturation 

at  60**  Fahr =  o-ioo 


Total  =  0-535 


f» 
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In  this  connection  the  importance  of  a  proper  chemical  control 
of  a  large  boiler  installation  may  be  emphasised.  In  far  too 
many  cases  matters  are  left  solely  in  the  hands  of  engineers  who 
are  certainly  not  usually  well  qualified  to  carry  out  or  supervise 
chemical  analyses  or  operations.  If  only  it  became  the  custom 
of  all  large  manufactining  firms  to  engage  the  services  of  a 
properly  trained  **  fuel  chemist "  to  supervise  all  coal  contracts 
and  to  establish  a  scientific  control  over  fuel  consumptions 
generally,  a  vast  saving  in  their  annual  coal  bills  would  be  effected. 
And  groups  of  small  manufacturers  might  secure  similar  advan- 
tages by  co-operation. 

Sensible  Heat  of  Burnt  Gases. — Provided  that  the  data  men- 
tioned in  the  preceding  paragraphs  are  precisely  known,  it  is  a 
comparatively  easy  matter  to  calculate  (i)  the  amoimts  of  carbon 
dioxide,  steam,  oxygen  and  nitrogen  passing  up  the  chinmey 
per  unit  weight  of  coal  (of  known  calorific  value)  burnt,  and 
(2)  the  total  "  sensible  heat "  represented  by  the  mean  increase 
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Jae  'kixxetic  energy  of  the  said  gases  between  the  atmospheric 
kpera.'ture  ^  and  the  chinmey  temperature  T°.  For  this 
rpose  a  knowledge  of  the  mean  heat  capacities  of  carbon 
•xide,  steam,  and  the  diatomic  gases  nitrogen  and  oxygen, 
-Aex  constant  pressures  between,  say,  15°  C.  and  temperatures 
►  to  600°  C.  is  necessary. 

According  to  Holbom  and  Henning,'  whose  work  on  the 
il^ject   is  generally  accepted  as  providing  the  best  available 
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data,  the  mean  specific  heats  at  constant  pressure  m  calories 
per  gram  of  carbon  dioxide,  steam,  and  nitrogen  between  0°  and 
1400°  C.  (steam  100°  to  1400°  C.)  may  be  represented  as  a  function 
of  temperature,  as  follows,  where  t  =  °  C 

Hbu*  Spbcific  Hkats  at  Constant  Prxssdkb  in  Calokibs 
PIR  Gkah. 

Range'C 
Coftwi  dioxide  Cp  =  0-20I0  +  0-04742^  —  o-Ojitt'  o  to  1400° 
Stem  .  .  .  C,  =  0-4669  —  o-o,l6W  +  o-Oj44i*  lOO  to  1400° 
Nifrogw    .     .  C,  =  0-2350  +  o-OflSt  ....       o  to  1400" 

The  values  of  the  mean  specific  heats  in  calories  per  gram 
>  Ann.  dt  Pkys.  (<),  18  (1905).  7>39.  and  B8  ti907).  8®9- 
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TABLE    LII 
IN  Nitrogen,  Carbon  Dioxidb  and  Steam 
[B.Th.UsJ 


X 

Nitrogen. 

Carbon 
Dioxide. 

Steam. 

\ 

B.TI1.U8.  per 

^  B.TI1.U8.  per  cnb.  ft.  at  0*  C 

cub.  ft.  of 

Satmated  Steam 

at  xoo*  and 

B.Th.Ut.  per  lb. 

=,  1 

©•- 

-T*» 

XOO® 

-T* 

o 

3-33 

4-59 

__ 

_i. 

>o 

6'7X 

9-5X 

3-12 

83-45 

DO 

10*13 

14-37 

6*24 

1 67- 1 

oo 

1363 

20-10 

9-38 

251-4 

,00 

17-17 

25-77 

12*55 

336-4 

:>oo 

2076 

31-65 

15-81 

423-7 

700 
800 

2440 

37-74 

19-14 

512-9 

28*11 

43-98 

22*55 

604*6 

900 

31*88 

50-35 

26*11 

699-6 

1000 

3567 

56-77 

29-75 

797-4 

IIOO 

39-53 

63-36 

33-59 

900*3 

1200 

43-46 

69*96 

37-56 

1006-3 

1300 

47-40 

76-61 
83-32 

41-73 

1117*8 

1400 

51-42 

46-07 

1234*8 

0-X5 

0-50 

0-67 

x)  The  densit^^  values  employed  in  drawing  up  Table  LII  have  been 
culated  by  dividing  the  molecular  volume  in  litres  (22*4  litres)  by  the 
j\ecalar  weight  of  the  gas  in  grams. 

(2)  The  corresponding  figures  for  the  sensible  heat  per  cub.  ft.  measured 
etween  13^  and  /^  may  be  obtained  in  the  case  of  nitrogen  by  subtracting 
•50  B.Th.U.  per  cub.  ft.,  and  in  the  case  of  carbon  dioxide  0*67  B.Th.U. 
rom  the  figures  given  in  the  table. 

(3)  The  values  for  the  sensible  heat  for  other  diatomic  gases  (oxygen 
and  carbon  monoxide)  may  be  assumed,  for  the  purposes  of  fuel  calcu- 
lations, to  be  the  same  as  those  for  nitrogen. 

¥rom  such  calculated  values,  the  following  curves  (Fig.  25) 
have  been  plotted  showing  the  total  sensible  heat  in  B.Th.Us. 
between  o**  and  any  temperature  in  the  Centigrade  scale  up  to 
1400°  for  a  cub.  ft.  measured  at  o**  C.  and  760  m.m.  of  each  gas 
and  for  i  lb.  of  steam. 

It  may  be  considered  good  boiler  practice  if  with  an  average 
steam  coal,  containing,  say, 

C  =  800,  H  =  5-5,  S  =  10,  N  =  1-5,  O  =  50, 

and  ash  =  7-0  per  cent., 
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tlirn  licat  carried  off  by  the  chimney  gases  at  300'  C,  \ 
dry  coal  burnt,  will  be  as  follows : — 

In   23-Q3  cub.  ft.  CO,  =    3281  j    ,    ». 

»    14-19    ..     ..  O,     =    13?/    «"<»7^'°-'^ 
.,      1-523  lb.  Steam     =    364 


Total  . 
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total  iw^ould  be  17*0  per  cent,  of  the  calorific  value  of  the  coal 
vt,  ^^jvhiclx  is  assumed  to  be  14,000  B.TIlUs.  per  lb. 
LOW  prejudicial  are  the  effects  of  higher  chimney  temperatures 

larger  e:Kcesses  of  air  upon  the  sensible  heat  losses,  and  there- 
t  u.p>OTi  the  efficiency  of  the  boiler,  may  be  judged  from  the 
Lovriiig  ta,l>le  and  curves  (Table  LIII  and  Fig.  26)  which  show 
i  calculated  losses  in  B.Th.Us.  per  lb.  of  the  dry  coal  in  question 
tb.  varying  excesses  of  diy  air  and  chimney  temperatures  up 
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nATIO;     Afd  TueoRCTirALLV  required  to  burn  t  LB.or  Coal. 
Fig.  26.— Sensible  Heat  in  Flue  Gases— Effect  of  Air  DUution. 


TABLE  Ull 

Sbnsiblb  Hsat  Lost  in  Flux  Casks 
B.Th.Us.  pxr  Pound  of  Coai.  Burnt  for  the  Tbmpbraturb 


Rangb  15®  — 

T*  c. 

Ratio 

Air  drawn  through  the  System 
Air  theoretically  required 

Temperature  of  Flue  Gases 
T^C. 

300* 

400® 

500* 

1-5 

2'0 
3.0 

1358 
2127 

2779 

3135 
4079 

1870 

2917 
3807 

4697 
5578 

2382 

371a 

4839 

597X 
709a 
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The  following  calculations  published  by  Messrs.  W.  H.  Booth 
and  J.  B.  C.  Kershaw  of  the  percentage  losses  in  respect  of  sensible 
heat  carried  up  the  chimney  by  the  burnt  products  of  combustion 
of  a  good  steam  coal  of  calorific  value  13,500  B.Th.Us.  per  lb. 
with  a  chimney  temperature  of  600°  Fahr.  (say  315**  C), 
according  to  their  CO,  contents,*  may  be  cited  as  emphasising 
the  needs  of  a  careful  control  of  the  air  supply  as  a  means  of 
minimising  such  losses. 


Percentage 

CO,  in 

Chimney  Gases. 

Percentage  Chimney  Losses 

due  to  Sensible  Heat  of 
Burnt  Products  plus  Excess 
Air  at  315*  C. 

12-0 

17-1 

lO-O 

20-2 

8-0        .           . 

240 

60 

.       328 

50        . 

40-0 

As  the  mere  observation  of  the  temperature  of  the  chimney  gases, 
without  a  simultaneous  determination  of  their  CO,  content,  may 
be  very  misleading,  the  two  determinations  should  always  be 
made  together.  Indeed  the  installation  of  recording  instruments 
for  these  purposes  in  the  flue  leading  from  the  boiler  to  the  chim- 
ney may  be  reconunended  as  one  of  the  best  aids  to  the  achieve- 
ment of  the  utmost  economy  in  boiler  practice,  especially  if  the 
indications  of  the  CO,  recorder  are  occasionally  checked  by  a 
complete  chemical  analysis  in  the  laboratory  of  a  representative 
sample  of  the  chimney  gases  taken  continuously  over  a  period  of 
not  less  than  thirty  minutes. 

(e)  Heal  Transmission  in  Boilers 

The  factors  governing  the  transmission  of  heat  across  the 
boiler  surfaces  from  the  fire  and  the  hot  products  on  the  one  side 
to  the  water  on  the  other  have  so  important  a  bearing  upon  both 
the  design  and  general  efficiency  of  a  particular  installation  that 
it  is  deplorable  how  often  they  are  neglected  by  those  responsible 
for  the  management  of  large  plants.  The  scientific  aspects  of 
the  question  formed  the  subject  of  a  very  able  and  comprehensive 
Report  presented  by  Professor  W.  E.  Dalby  to  the  Institution  of 
Mechanical  Engineers  in  the  year  1909,*  which,  together  with  the 
discussion  thereon,  is  commended  to  the  reader  as  embodying 
the  best  knowledge  then  available. 

^  Smoke  Prevention  and  Fuel  Economy,  2nd  Ed.,  191 1,  Appendix  II,  p.  221. 
■  Proc,  Inst,  Mech,  Eng.,  1909,  pp.  921  to  1071. 
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le  transmission  of  heat  from  the  fire  to  the  boundaries  of 

furnace   takes  place,  to  quote  Professor  Dalby,  "in  two 

lamentally  different  ways: — (i)  by  direct  radiation  from 

incandescent  fuel  and  the  flame  and  the  hot  gases,  and  (2)  by 

agency  of  the  matter  in  the  path  of  the  flow — that  is,  the  hot 

es,  the  metal  boundary,  and  the  water  on  the  other  side  of  the 

mdary.     In  the  first  case,  transmission  is  effected  by  the  vibra- 

II  of  the  ether  in  the  same  way  that  the  heat  of  the  sun  is 

^nsmitted  to  the  earth  across  space  and  is  instantaneous  .  .  . 

id)  may  be  regarded  as  uninfluenced  by  the  presence  of  the 

mace  gases,  although  actually  the  quantity  is  modified  by  their 

esence  to  a  certain  extent.    In  the  second  case,  the  matter  in 

le  path  of  the  flow  transmits  the  heat  (a)  by  convection,  and 

•>)  by  conduction."  ^ 

Hence  in  general  three  modes  of  transmission,  all  acting 
•imultaneously,  must  be  considered,  namely  (i)  by  radiation, 
\Z)  by  convection,  and  (3)  by  conduction.  And  whereas  it  is 
impossible  to  devise  any  experiment  in  which  one  particular 
mode  may,  so  to  speak,  be  isolated  and  studied  apart  from  the 
other  two,  yet  it  is  very  desirable  that  in  forming  a  mental  picture 
of  the  operation  as  a  whole  the  influence  of  each  mode  should  be 
separately  considered  and  its  relative  importance  weighed. 

Radiation, — ^The  outstanding  importance  of  this  factor  has  until 
recently  been  largely  overlooked  or  under-rated  by  engineers. 
It  should  always  be  remembered  (i)  that  the  heat  radiated  from 
an  incandescent  black  body,  as  represented  by  a  glowing  mass  of 
coke  in  a  boiler  fimiace,  is  proportional  to  ihe  fourth  power  of  its 
absolute  temperature  (Stefan's  Law) ;   (2)  that  the  flames  pro- 
duced by  burning  gases  radiate  an  appreciable  proportion  of 
the  energy  developed  by  the  combustion,  as  for  instance,  a  non- 
luminous  Bunsen  flame,  which  radiates  some  15  per  cent,  of  the 
energy  developed  therein;  (3)  that  the  energy  thus  *'  radiated  " 
is  transmitted  practically  instantaneously  and  without  sensible 
loss  to  the  metal  boundary  between  the  furnace  and  the  water ; 
and  (4)  that  the  "  radiated  "  energy  absorbed  by  the  said  bound- 
ary is  then  "  conducted  "  by  it,  as  sensible  heat,  to  the  water  on 
the  other  side.    The  limiting  factors  in  the  process  are  either 
(i)  the  conducting  capacity  of  the  metal  septimi,  or  (2)  the  exist- 
ence of  a  dead  water  film  on  the  other  side  of  it  (see  the  following 
paragraphs).    If  the  evolution  of  steam  and  the  water  circulation 
on  the  other  side  is  sufficiently  intensive,  the  limiting  influence 

^  Proc,  Inst,  M$ck,  Eng,,  1909,  p.  923. 
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of  (2)  may  disappear,  in  which  case  the  conductiiig  capacity  of 
the  metal  septum  would  be  fully  operative. 

The  total  energy,  expressed  in  ergs,  radiated  per  square  centi- 
metre per  second  from  an  incandescent  black  body  is  given  by 
the  following  equation  (where  T  is  its  absolute  temperature  in 
degrees  Centigrade) : — 

E  «=  5-32  X  10"*  T*  ergs  per  cm*  per  sec.^ 

Converting  this  into  the  equivalent  B.Th.Us.  radiated  per  sq.  ft. 
per  hour,  and  introducing  the  influence  of  a  further  condition, 
namely  that  of  the  temperature  T,  of  the  absorbing  surface  (the 
metal  boundary),  the  expression  becomes : — 

E  «  16  X  lo-i®  (T/  ~  T,*)  B.Th.Us.  per  sq.  ft.  per  hour, 

where  T^  and  T,  represent  in  degrees  Fahrenheit  the  absolute 
temperature  of  the  source  of  radiation  (the  fire)  and  of  the  absorb- 
ing surface  (metal  boundary)  respectively. 

By  means  of  this  formula  Professor  Dalby  (loc.  cit)  has  calcu- 
lated that  the  upper  limiting  value  of  the  heat  which  may  possibly 
be  transmitted  by  radiation  from  a  source  (assumed  to  fill  the 
firebox)  at  a  temperature  of  3000°  Fahr.  to  a  boundary  surface 
at  800°  Fahr.  may  be  as  high  as  129,600  B.Th.Us.  per  sq.  ft.  per 
hour,  or  equivalent  to  the  evaporation  of  134  lb.  of  water  "  from 
and  at  "  212°  Fahr. 

Although  so  high  a  result  is  probably  never  actually  attained 
in  practice,  however  nearly  it  may  be  approached,  the  formula 
indicates  how  supremely  important  the  radiation  from  incandes- 
cent surfaces  in  a  boiler  furnace  may  be,  and  how  efficient  a 
heating  surface  (metal  boimdary)  exposed  to  them  may  become, 
as  for  example  in  the  Bonecourt  Siuiace  Combustion  Boiler  (q.v.). 

Transmission  by  Convection  and  Conduction. — It  has  long  been 
recognised  that  the  transmission  of  the  sensible  heat  of  the  hot 
gases  during  their  passages  through  the  tubes  or  flues  of  a  boiler 
to  the  water  on  the  other  side  of  the  metal  plate,  is  limited  by 
the  existence  at  the  boundary  siuiace  of  a  "  dead  "  film,  generally 
assumed  to  be  about  -^  in.  only  in  thickness,  of  relatively  cool 
gas,  in  which  convection  currents  apparently  do  not  take  place 
and  which,  owing  to  its  low  conductivity,  offers  a  high  resistance 
to  the  passage  of  heat  (other  than  "  radiant  heat ")  through  it. 
There  is  also  a  similar  "  dead  "  film  of  water  on  the  other  side 
of  the  plate,  which  offers  a  like  but  considerably  smaller  resistance. 

*  Poynting's  Heat  (1904),  p.  250.  as  quoted  in  Dalby's  Report  (loc.  cU,), 
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ence  it  is  that,  unless  special  means  can  be  found  whereby 
■e  filins  are  destroyed  or  their  retarding  influence  rendered 
Ligible,  the  full  conducting  capacity  of  the  metal  composing 
"boiler  tube  can  never  be  fully  realised  in  practice.  This 
(.btless  explains  the  experience  of  the  early  locomotive  engine 
Iders,  and  which  long  puzzled  them,  that  the  substitution  of 
3per  for  iron  tubes  in  a  boiler  did  not  appreciably  increase  the 
~ce  of  heat  transmission  as  measured  by  the  evaporation,  not- 
thstanding  the  fact  that  the  thermal  conductivity  of  copper 
about  five  times  greater  than  that  of  iron. 
How  greatly  the  "  dead  "  gas  film  referred  to  retards  the  heat 
aissmission  was  well  illustrated  by  some  experiments  published 
y  J.  G.  Hudson  in  1890  *  from  which  he  concluded  (i)  that  of 
he  total  "  temperature  head"  between  the  hot  flue  gases  and 
he  v/ater  in  a  boiler,  no  less  than  98  per  cent,  is  lost  in  forcing 
:he  heat  through  the  "  dead  "  gas  film  into  the  plate,  the  remain- 
ing 2  per  cent,  only  being  the  "effective  head"  between  the 
plate  and  the  water;  and  (2}  that  the  hot  side  of  the  plate  is 
never  more  than  36°  Fahr.  hotter  than  the  water  side.  These 
conclusions  were  substantially  confirmed  in  1893  by  Sir  John 
Durston,  who,  however,  put  the  difference  referred  to  in  (2)  at 
68°  Fahr.  for  water  at  212°  Fahr.  when  the  plate  is  perfectly 
clean.*  Professor  Dalby  {toe.  cil.)  thinks  that  of  the  total  "  tem- 
perature head  "  about  97  per  cent,  is  required  to  overcome  the 
reastance  of  the  gas  film,  i  per  cent,  to  overcome  that  of  the  plate, 
and  2  per  cent,  to  overcome  that  of  the  water  film. 

In  considering  the  retarding  influence  of  films  of  gas,  oil,  or 
water  on  the  tube  plate,  to  the  passage  of  heat,  the  following 
table  of  conductivities,  expressed  in  calories  which  pass  per 
second  through  a  plate  of  the  substance  i  cm.  square  and  i  cm. 
tMck  when  the  opposite  faces  of  it  are  kept  at  temperatures 
differing  by  t"  C,  may  be  useful : — 

Air 0000053 

Carbon  dioxide      .         .         .     o-oooosi 
Water         ....     0-00143 

Oil Between  I  and  i  that  of  water. 

Scale 2  to  5  times  that  of  water 

(according  to  density) 

]^ °-^°]  approximately. 

Copper        ....     o-goi 

'  Til  Entinur.  1890,  70.  p.  5*3-       *  TroKS.  Inst.  Nob.  Anh.,  H,  p.  130. 
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As  to  the  influence  of  oil  and  scale,  experiments  carried  out  by 
W.  J.  Hirsch  in  1890  *  led  him  to  conclude  (i)  that  any  fatty 
deposit  on  the  internal  surface  of  a  boiler  greatly  impedes  the 
transmission  of  heat,  and  (2)  that  a  deposit  of  vegetable  oil  is 
more  dangerous  than  one  of  mmeral  in  causing  the  plate  to 
overheat,  whilst  L.  P.  Breckenridge  *  found  in  1899  that  the 
formation  of  a  scale  ^  to  ^  in.  thick  in  the  tubes  of  a  locomotive 
boiler  caused  a  loss  in  efficiency  of  9-55  per  cent.  From  such 
observations  as  these  the  great  importance  of  keeping  plates 
and  tubes  of  a  boiler  clean  may  be  appreciated. 

The  Effect  of  High  Gas  Velocities  in  destroying  the 
"  Dead  "  Gas  Film  and  thereby  increasing  the  Rate  of 
Heat  Transmission. 

If/  as  has  been  shown  in  the  preceding  paragraphs,  the  existence 
of  the  "  dead  "  gas  film  at  the  surface  of  the  metal  plate  separating 
the  source  of  heat  from  the  water  in  a  boiler  is  the  main  and 
most  potent  obstacle  to  rapid  heat  transmission,  it  follows  that 
its  complete  or  even  partial  destruction  would  greatly  assist  the 
flow  of  heat.  This  was  first  recognised  by  the  late  Professor 
Osborne  Reynolds,  of  Manchester,  who,  in  the  year  1875,  published 
a  remarkable  paper  •  in  which  he  suggested  that  the  best  solution 
of  the  problem  of  diminishing  the  influence  of  the  "  dead  "  gas 
film  probably  lay  in  increasing  the  velocity  of  the  hot  gases 
through  the  boiler  system.  From  theoretical  considerations  he 
concluded  that  the  rate  of  heat  transmission  would  prove  to  be  a 
linear  function  of  the  speed  at  which  the  hot  gases  traversed  the 
system,  and  gave  the  following  formula : — 

Q  =  (A  +  Bdv)  (T  -  0) 
in  which : — 

Q  =  amount  of  heat  transmitted  in  B.Th.Us.  per  sq.  ft. 

per  sec.  from  the  hot  gases  to  the  water 
d  =  the  density  of  the  hot  gases  in  lb.  per  cub.  ft. 
V  =  the  velocity  of  the  hot  gases  in  ft.  per  sec. 
T  =  temperature  of  the  gases  in  °  Fahr. 
0  =  mean  temperature  of  the  heating  surface 
A  and  B  =  experimental  constants. 

His  contention  that  the  rate  of  heat  transmission  depends  upon 

^  Bull,  de  la  Soc.  d'Encour.  Indust.  Nai.,  VoL  6,  p.  302. 

>  Railroad  GazetU,  VoL  81,  p.  60. 

•  Mtfw.  Lit,  Phil.  Soc.  Manchester  (1875),  Vol.  XIV.,  p.  7. 
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.^^loczrity  of  the  gases  was  subsequently  supported  by  other 
^t.igSLtors»  among  whom  may  be  mentioned  J.  G.  Hudson  ^ 
^),  ^^^hose  fonnula,  however,  made  the  rate  of  heat  trans- 
ioix  depend  on  the  square  root  of  the  gas  velocity,  Brilli^ 
^7),*  and  Professor  John  Perry  (1898),'  but  it  was  left  to  the 

I*rof  essor  J.  T.  Nicolson  of  the  Manchester  School  of  Tech- 
>gy  to  develop  the  theory  and  its  practical  application  to 
ier  design  in  the  year  1909.^ 

"^icolson's  experiments  had  convinced  him  that,  inasmuch  as 
i  e>^a.poration  from  the  firebox  due  to  convection  was  negligible 
corx^paxison  with  that  due  to  radiation,  in  designing  a  boiler 
i^e  proper  thing  to  do  was  to  form  a  combustion  chamber  of 
>'^vii:ig  refractory — ^that  is  non-water-cooled — surface  behind 
le  ^rebridge  and  before  the  flues  or  tubes  pr  convective  heating 
irf ace  conmienced,"  in  order  that  any  unbumt  gases  from  the 
te.  might  be  caught  and  perfectly  burnt.  With  regard  to  the 
ransmission  of  heat  by  convection  from  the  hot  burnt  gases 
^ough  the  plate  to  the  water,  his  own  experimental  work, 
vhilst  supporting  the  general  validity  of  Osborne  Reynold's 
equation,  as  expressing  the  law  for  the  heat  flow  from  fluid  to 
metal  or  vice  versa  under  the  most  varied  conditions,  led  him  to 
amplify  it,  owing  to  the  fact  that  the  rate  of  heat  transmission 
depends  not  only  upon  the  product  of  the  density  and  velocity 
of  the  hot  gases,  but  also  upon  such  factors  as  the  mean  hydraulic 
depth  of  the  tubes  or  flues  through  which  the  gases  passed,  and 
the  nature  of  the  metal  plate.    As  the  result  of  a  prolonged 

experimental  investigation  of  this  subject  he  finally  put  forward 

the  following  revised  equation : 


where  :• 


8-[^  +  S^.(-+l»-'^ 

T  =  mean  gas  temperature  in  flue  in  ^  Fahr. 
0  =  mean  plate  temperature  in  flue  in  **  Fahr. 
^  =  mean  temperature  of  gas  and  plate  in  ^  Fahr. 
d  =  mean  density  of  gas  (lb.  per  cub.  ft.) 
V  =  mean  velocity  of  gas  in  ft.  per  sec. 
a  =  area,  and  p  =  perimeter  of  gas  flue  in  ft. 


»  Engineer  (1890),  Vol.  LXX.,  p.  523.  J 

•  Le  Ghie  Civil  (1897).  Vol.  XXXI..  p.  260.  ^ 

»  Trans.  Inst,  Eng.  Ship.  Scot.  (1898),  Vol.  CXXXII.,  p.  274. 
^  Trans.  Jun.  Inst.  Eng.,  Feb.  1909,  and  also  "  Discussion  on  Professor 
Dalby's  Paper  "  {loc.  cit.),  p.  1007. 
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A''»i  i^f-mr  'r*  V^>!T  i^:*3  n«  fi:f£«  wen  pii=5«i  cjrw 
Mr-'-^-.t  »  ':.;,ry:.----*J  »->►,  F,  I-  a_  :r  ~i£m«tT,  called 
'  »T»';/'^<''>»,"  '/A*A.r-r^  i-,^  wat*r  tLbes.  ea^  ii  ft.  6  in. 
\n  t  iti  rx'tiwl  »tA  I  in,  ijitenual  ~-— ^^*f  Tmok  ibe  tc 
•II*  •}••  ij*»^  WT«  Wl  "Vrtmrards  iir':/:Lgii  ancptber  cnnilar 
^  •iJ>'l  fti'r  "  t-fim'/mi^m."  CMitaitir-g  90  water  tubes,  < 
r^  ^.  ^  ■»■  l"nK  |iy  J  in.  ou'siiie  and  |  in.  inside  dumeter. 
uoif  'ije  a>l*  "( ''(•' li  wa»  fixed  a  }  in.  square  rod.  13  ft  ( 
i/w,   V.  fwlii'p  I  ho  rrmn-sectiooal  area,  and  conseqnenti; 

ZiiM    taTnm.  I'•K^II••^   wllh   TaMe  LIV,  are  rcprodoced  with 
^  vnvw-*  </f  Mr.  Ml<  hurl  Loagtidgfi.  MJi. 
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increase  the  velocity  of  the  water  and  to  force  it  into  contact 
with  the  surface  of  the  tube.  From  the  bottom  of  the  economiser 
the  cooled  gases  were  discharged  through  a  motor-driven  fan,  H. 
which  provided  the  necessary  suction,  into  the  chimney. 

The  heating  surface  of  the  boiler  (excluding  the  surface  below 
the  grate  and  the  firebrick-lined  combustion  chamber,  C).  was 
171  sq.  ft.,  of  the  evaporator  192  sq.  ft.,  and  of  the  economiser 
293  sq.  ft.,  or  a  total  for  the  whole  system  of  656  sq,  ft.  The 
capacity  of  the  "  water  space  "  in  the  boiler  was  230  cub.  ft., 
that  of  the  "  steam  space  "  185  cub.  ft.,  whilst  the  area  of  the 
water  surface  was  132  sq.  ft. 

During  October  1909  the  boiler  was  handed  over  to  Mr. 
Michael  Longridge  to  undergo  a  series  of  trials  with  the  object 
of  testing  both  the  soundness  of  the  underlying  principle  of  its 
design  and  its  evaporative  power. 

The  results  of  two  of  these  trials,  in  which  the  boiler  was  fi 
with  a  good  Welsh  steam  coal,  containing  in  the  dry  stafe- 

C  =  87'6o,  H  =  423,  S  =  1-52,  N  =  2'I3,  O  =  i-i8,  and  ash  = 

2-13  percent, 
and  of  calorific  value  14,929  B.Th.Us.  per  lb.,  are  given  in 
Table  LIV,  These  results  showed  {1}  that  combustion  of  the  fuel 
was  practically  complete  in  the  furnace  and  combustion  chamber 
with  only  i  25  times  the  theoretical  amount  of  air,  the  burnt  gases 
containing  an  average  of  147  per  cent,  of  carbon  dioxide,  with  only 
0-22  per  cent,  of  carbon  monoxide ;  (2)  that  the  temperature  OD 
leaving  the  system  had  been  reduced  to  as  low  as  294°  Fahr. ; 
{3)  that  the  rate  of  evaporation  per  square  foot  of  heating 
surface  of  the  boiler  and  evaporator  combined  was  as  high  as 
23  lb.  of  water  "  from  and  at  212°  Fahr.,"  or  something  like 
three  times  that  of  an  ordinary  Lancashire  boiler ;  whilst  (4)  the 
heat  actually  utilised  in  the  system  amounted  to  75  per  cent,  of 
that  capable  of  being  developed  by  the  complete  combustion  of 
the  coal  in  the  furnace.  It  was  also  estimated  that  on  an  average 
as  much  as  32,400  B.Th.Us.  per  hour  were  transmitted  to  the 
water  per  square  foot  of  the  area  of  the  flue  surrounding  the 
firebrick  cylinder,  E. 

Taken  as  a  whole  the  results  certainly  seem  to  prove  the 
soundness  of  Professor  Nicolson's  ideas,  although,  as  Mr.  Long- 
ridge pointed  out,  probably  in  practice  it  would  be  found 
necessary  to  substitute  some  other  more  convenient  device  for 
the  rather  cumbrous  firebrick  plug,  E. 
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TABLE  UV 

Ts  OF  Mr.  Michabl  Ix>ngridgs'8  Tbsts  of  the  Nzcolsom 
Boiler  with  a  Welsh  Steam. Coal 


Trial    .     . 
in  Hours 


20/10/1909 
6-05 


20/10/1909 
665 


C^oal  Burnt  per  Hour,  lb 

a.lox-ific  Value  of  Dry  Coal  B.Th.Us.  per  lb. 


724*0 
14.929 


721*0 
14*929 


n  rt>.  ^Water 

Ez-oxEx  and  at' 

5txa*  Fahr. 


(  per  Hour 

per  lb.  Dry  Coal  Burnt  .     .     . 
per  sq.  ft.  Heating  Surface  of 
Boiler  and  Economiser  per  Hr. 
per  sq.  ft.  Total  Heating  Sur- 
face per  Hour 


8265 
11*41 

22*77 

12*58 


8372 
11*61 

23*06 

12*75 


S-teajn  Pressure  (absolute)  in  lb.  per  sq.  inch. 


135 


135 


Fti^d,  Wai^  {  Entering  Economiser  in  •  Fahr. 
^cea  watmr  i  x^eaving  Economiser  in  •  Fahr. 


A 


T^9fiperature.y  x^yi^g  Evaporator  in  •  Fahr." 


.^: 


350* 


275 
350* 


Mean       C  in  the  Combustion  Chamber,  ®  F. 
Temperature]  Entering  Evaporator,  *  Fahr.    . 
of  the       I  Entering  Economiser,  *  Fahr.   . 
Gases,       \  Leaving  Economiser,  *  Fahr.     . 


3000* 

1360* 

870* 

291* 


3000* 

1418* 

871^ 

294* 


Percentage   T  CO, 
Composition  I  CO 
of  the       1  O,  . 
Gases,        \  N,  . 


14*86 
0-30 

^3-84 
81 -oo 


14*50 
0*15 

81 'OO 


Katio  Air  used  to  that  theoretically  required 
for  Combustion 


1*23 


1*27 


Percentage 
of  heat  of 
Combustion ' 
of  the  Coal, 


r  Transferred  to  the  Water    . 
Carried  oft  by  Burnt  Gases  and 

Excess  Air 

Carried  off  by  Unbumt  Gases  . 
Lost  in  the  Ashes  (no  Carbon)  . 
Balance 


73-8 


750 


5-2 
I'l 

'1 

o*6 

3-7 
16*2 

3-3 
135 

B.H.P.  used  by  Feed  Water  Pump  and  the  Fan 


41-23 


41*48 


Estixnated  net  Efficiency  of  whole  Plant  after 
deducting  B.H.P.  used  for  driving  Pump 
and  Fan 


64*4 


66*1 


The  Bettington  Boiler  for  Atomised  Fuel 

As  an  instance  of  another  recent  development  in  scientific 
boiler  design  in  a  somewhat  different  direction,  the  Bettington 
tMler  may  be  appropriately  described,  inasmuch  as  it  embodies 
a  possible  solution  of  the  difficulty  of  completely  burning  a 
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homogeDeoos  miztiire  of  pulverised  coal  and  pne-heata:  ar 
a  contiiiQoas  flame,  and  is  capable  of  being  applied  succe!^^ 
to  low-grade  lignitic  coals,  which  in  ordinary  boilers  rkti : 
poor  results. 

The  boiler,  shown  diagrammatically  in  Fig.  28.  conits  ■    , 
c>'lindrical  body,  AB,  fijced  vertically  on  a  suitable  {omdai .  I 
and  containing  the  combustion  cbamber,  C,  which  is  fom^: .  \ 
a  circle  of  vertical  water  tubes  separated  by  keyed  refri::  -  j 
firebricks,  so  that  the  wall  of  the  chamber  is  partly  the  er./r  i 
tubes  and  partly  the  filling  of  firebricks.     This  construct::    ' 
a  water-cooled  combustion  chamber  has  overcome  one  of :    ' 
causes  of  failure  in  dust-buming   boilers  hitherto  experienv 
naniely  the  difficulty  of  getting  any  arrangement  to  stand  j- 
very  high  temperatiu'e  involved.     The  fuel  is  fed  from  a  bnil : 
D  into  a  rotary  pulveriser  and  blower,  E,  where  it  is  ground :  • 
n^e  dost  and  mixed  with  a  stream  of  air  (sufficient  in  quann: 
::c  its  complete  combustion)  which    has    been  pre-heated  I' 
psasaA^  through  an  "  air-heater  "  at  the  top  of  the  hoikr  at  ti^ 
f  xpc!:2=<  of  part  of  the  sensible  heat  of  the  waste  gases.   Ti- 
z:r=Atc  nurture  of  coal  dust  and  hot  air  is  blown  by  the  :r 
i^-'och  a  chamber,  F,  where  any  coarse  particles  of  coal  ar- 
oe  ;>>?itcd  and  returned  to  the  pulveriser,  and  thence  by  a  Jca 
r:  :be  b^imer,  G,  which  is  fixed  in  a  central  position  at  the  br-n  r 
^i  ::se  c-nibustion  chamber  of  the  boiler. 

Tbe  exr4-r5i\T  miirture  of  coal  dust  and  hot  air  is  ignited  as 
It  er^erc-fi  frni  the  mouth  of  the  burner,  producing  a  conunuoui 
t:  i>2:rx  m-fhaped  flame  which  fills  the  combustioD  chamki 
Toe  c-.mr ^n -n  of  the  fuel, being  thus  " explosive  "  in  character 
L-  r  mrl.  :ec  w::b  a  mirimum  excess  of  air;  the  ash  in  the  tud 
i  in  '^  ::>  pass^ice  throuch  the  flame  is  converted  into  a  liquiu 
s^ri-*.  ^l-..b  IS  rc-^ected  asrainst  the  hot  brick  lining  of  t^ 
•'..-^^.'i*.  a.-^i  u:  c"  ,irse  of  time  drips  down  into  the  ash-pit  at  tu£ 
N  ;:  **s  . ;  the  chamber,  where  it  is  sufficiently  chilled  to  prevfi?/ 
t  >r  >uvves5c\>t  iTv  ps  from  adhering  to  each  other.    The  cold  ash 
'^  :a  :  V  r.  n=i  c:  si^all  globules  |  to  |  in.  in  diameter  which  ca;? 
cd>^!\    >f   7iK3<^\Td  periodically.    Also,  it  is  claimed  ^t  tbe 
lie— i  -^iiv  c:  a<i  «rves  to  dose  up  all  crevices  in  the  fe^ 
>  ::x  ^  .  -^  .*;  :be  rtiTLioe,  cementing  it  into  one  solid  j»«»  ^^    \ 
^  i  *.  ^  :  V  .vxr  si^Ace  as  with  an  enameL 

'  X-  .'  . .  •  :  ,v  ,:>  ::ir»  cc'  tbe  baming  coal  dost  and  air  vcixtaK 
••>c>  ^  c» .  ^-i..\    .:^*>*Aris  ri  tbe  bc«kr  chamber,  and  on  strito 
-     ic   '^^.v*  .-"ir/^i^r,  H,  at  the  top  thereof,  is  de^ct&f 
a  •i»>Aij»va.iu  \«.t'.xju  '  ""^  some  ^^^nrt  along  tk 


Fio.  i8,— Sectional   Elcvatioa   and  Cross  Section  of   Bettington  Boiler, 
showing  the  Path  of  the  Gases. 
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inner  walls  of  the  chamber,  until  on  nearing  the  bottom  the  hot 
products  are  turned  upwards  again  through  the  annular  space 
between  the  inner  and  outer  walls  of  the  boiler  in  which  are  fixed 
a  series  of  solid  drawn  mild  steel  water  evaporating  tubes.  These 
tubes  are  arranged  in  double  rank  between  the  top  and  bottom 
"  headers,"  H.  and  K,  The  gas  stream  after  emerging  into 
a  chamber,  L,  surrounding  the  top  header,  H,  finally  passes 
thence  upwards  to  the  chimney  via  the  tubular  air-heater,  M, 
in  which  part  ol  their  sensible  heat  is  transmitted  to  the  cold  air 
which  is  drawn  by  the  fan  blowers  downwards  through  the  tubes 
oi  the  heater  on  its  way  to  the  pulveriser  where  it  mixes  with 
the  coal  dust. 

The  steam  generated  in  the  vertical  evaporating  tubes  collects 
in  the  top  header,  H,  from  which  it  passes  downwards  through 
the  pipe,  N,  into  the  annular  superheater,  P,  which  is  fixed  like 
a  belt  round  the  lower  part  of  the  combustion  chamber. 

It  is  claimed  that  the  boiler  is  capable  of  burning  smokelessly 
low-grade  slack  coals,  containing  up  to  even  25  per  cent,  of  ash, 
with  a  steam-raising  efficiency  up  to  between  70  and  80  per  cent. ; 
moreover  that,  owing  to  its  being  possible  either  to  start  or  to 
stop  the  combustion  almost  instantaneously,  not  only  can  steam 
be  got  up  or  shut  down  very  rapidly,  but  also  that  the  rate  of 
combustion  can  be  rapidly  adjusted  to  variations  in  the  load. 

Steam  Trial. — As  an  example  of  what  the  boiler  is  capable  of 
doing  with  a  low-grade  coal,  the  results  of  the  (ollowing  steam 
trial  carried  out  by  the  author  with  a  Malayan  (Rawang)  lignitic 
coal  in  the  year  igiz,  may  be  described. 

The  boiler  used  was  a  vertical  cylinder,  29  ft.  in  height  by 
10  ft.  in  diameter,  with  a  water-heating  surface  of  2100  sq.  ft., 
and  a  superheating  surface  of  500  sq.  ft.  Its  rated  capacity  was 
equivalent  to  an  evaporation  of  10.000  lb.  of  water  per  hour 
"  from  and  at  212°  Fahr."  The  construction  of  the  boiler  was 
such  as  to  admit  of  accurate  steaming  trials  being  carried  out 
within  a  relatively  short  time,  inasmuch  as  (i)  the  pulverised 
fuel  was  completely  and  practically  instantaneously  burnt  as  fast 
as  it  was  fed  into  the  combustion  chamber ;  (3)  there  was  no  heat- 
retaining  brickwork  setting  or  the  like ;  and  (3)  the  water  capacity 
of  the  boiler  was  very  small  in  relation  to  its  rate  of  evaporation. 

On  the  day  of  trial,  the  boiler  had  been  fired  for  a  continuous 
period  of  several  hours  with  the  Rawang  coal,  before  the  actual 
official  test  commenced.  The  latter  extended  over  a  period  of 
ij  hours.  The  coal  was  weighed  out  in  2  cwt.  lots  at  regular 
intervals  of  from  yj  to  10  minutes,  each  lot  being  immediately 
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to  the  hopper  of  the  pulveriser  attached  to  the 
A,  sample  was  taken  from  each  charge  as  it  passed  into 
',  so  as  to  provide  a  representative  sample  of  the  fuel 
ivliole  period  of  the  triaL 
S^^duated  tank  through  which  all  the  feed  water  passed 
ti.e  lx>iler  was  subsequently  calibrated  by  weighing  the  water 
l^aj-ged  between  various  selected  levels  on  the  graduated  scale 
ixist:  the  same  set  of  weights  which  had  been  used  for  weighing 
:  tlie  coal  during  the  trial,  and  proper  corrections  were  applied 
tJbie  difference  between  the  density  of  the  feed  water  (at  159® 
iir.)  used  during  the  trial  and  that  of  the  water  (at  58**  Fahr.) 
ed  for  the  subsequent  calibration  of  the  tank.  Systematic 
mperature  and  pressure  readings  were  made  at  regular  intervals 
I  X5  minutes  throughout  the  trial. 

The  coal  as  charged  into  the  boiler  contained  13-8  per  cent. 
>i  v^ater  and  4*4  per  cent,  of  ash,  whilst  the  calorific  value  of  the 
iry  coal  was  11,644  (g^oss)  and  11,066  (nett)  B.Th.Us.  per  lb. 

The  mean  rate  of  evaporation  maintained  throughout  the 

trial  was  somewhat  higher  than  the  rated  capacity  of  the  boiler, 

and  the  efficiency  attained  was  70«3  per  cent,  based  on  the  net 

calorific  value  of  the  dry  coal;  combustion  was  complete,  and 

the  average  amount  of  CO,  in  the  chimney  gases  was  117  per  cent. 

The  detailed  results  of  the  trial  are  set  forth  below : — 

Duration  of  Trial  =  i]^  Hours 
Temperature  of  Air  in  Boiler  House  =  75-5°  Fahr. 

Barometer  =  30*4  in. 

(i)  Total  dry  Coal  fired  per  hour           .         .  1287  ^^^ 

(2)  Total  Water  actually  evaporated  per  hour  8870  lb. 

(3)  Temperature  of  Feed  Water  .         .         .  159®  Fahr. 

(4)  Absolute  Steam  Pressure,  lb.  per  sq.  inch  165 

(5)  Temperature  of  Evaporation  .         .         .  366**  Fahr. 

(6)  Superheat  of  Steam       ....      114^  Fahr. 

(7)  Factor  of  Evaporation,   including  super- 

heat          i-i68 

'lb.  per  hour        .  10-360 

lb.  per  sq.  ft. 
Heating  Surface 
per  hour    .         .  4-93 

lb.  per  lb.  of 
Coal  as  charged  6*9 

lb.  per  lb.  of 

dry  Coal    .         .  8 

2x7 


(8)  Evaporation 

"  From  and  at  212' 
Fahr. 
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of  Wxa€  Ciua         1  ia  iZhiTTmry  Fioe 
:oi  Avera^  Penjutage  ol  CO,   in    Onmney 


m  E,finaicy  on  k^  caL  vaiiK  oi  '^T  Coai      -         r^  _■ 

-V  5.— {Tbe  cnrrcnt  re^iaired   to   drive  Eiecaic  aL-c 
u::Krraior  =  105  amps,  u  220  voles.; 
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CHAPTER  XII 

DOMESTIC  HEATING 

According  to  the  Report  of  the  British  Assodation  Fuel 
c;onoiny  Committee  {1916),  "  the  amount  of  coal  annually 
tnsumed  for  domestic  purposes  in  the  United  Kingdom  prob- 
bly  does  not  fall  far  short  of  thirty-six  million  tons  per  annum, 
r  nearly  one-fifth  of  the  total  consumption  for  all  purposes  in 
he  Kingdom.  To  this  would  have  to  be  added  the  '  coal 
equivalent '  of  the  gas  and  electricity  consumed  for  domestic 
purposes,  if  a  correct  estimate  of  the  total  domestic  coal  con- 
sumption is  to  be  made." 

The  wastefulness  of  the  Englishman's  cheerful  fireplace  has 
always  been  a  favourite  theme  with  those  iconoclasts  who  would 
prohibit  it  except  in  their  own  homes,  and  if  efdciency  were  the 
only  consideration  there  is  something  to  be  said  for  its  abolition. 
But  with  characteristic  conservatism,  and  disrespect  for  Science 
when  it  counters  his  cherished  customs,  the  average  Englishman 
undoubtedly  has  a  decided  objection  to  the  introduction  of 
central  heating  systems  into  his  living  rooms,  and  much  prefers 
to  be  warmed  by  the  radiation  from  a  bright  fire. 

Hence  it  is  (to  quote  again  from  the  British  Association  Com- 
mittee's Report)  "  that  the  whole  question  of  the  domestic  use 
olfuelbristfeswithdifficultiesandcompiications  .  .  .  (that)  ,  .  , 
the  selection  or  recommendation  of  particular  means  or  apparatus 
for  domestic  heating  cannot  always  be  based  simply  upon  the 
question  of  thermal  efficiency,  because  it  also  involves  considera- 
tions of  a  phyaological  and  even  of  a  psychological  character  ,  ,  . 
(and]  .  .  .  that   there  is    probably  no  single  solution  of    the 
domestic  heating  problem  which  is  likely   to  be  universally 
adopted  within  any  measurable  period  of  time  .  .  .  (also  that) 
...  it  is  necessary  to  discriminate  between  fuel  or  energy  cim- 
sumed  in  the  kitchen  for  cooking  and  other  similar  purpisus, 
and  that  appUed  for  the  beating  of  ordinary  living  rooms.     In 
the  vast  majority  of  the  houses  inhabited  by  the  artizan  popula- 
tion the  kitchen  fire  or  stove  is  the  only  place  in  the  house  where 
ai9 
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imA  » tMnit :  &lso  in  better-class  bcnises  it  is  cauj  n^  '-^J- 
Uai  fod  is  bonit  daily  throughoat  the  »-tot4e  y^^cz-  =^- 
«nmU  a-ppear  that  the  kitchen  is  respOnsibie  ifx  ^^^  Er^=:'i 
oi  our  aim  ml  docoestic  fuel  bill,  and,  thenrfcer:.  tj*  "-; 
oJ  the  rFlati%Y  eSkiendes  of  kitchen  ranges,  e^^  ^:irL  -_ 
cookers,  and  bot- water-supply  apparatus  assuzzie^^  r^r-.-n^-c 
impi.>naiKe. " 

The  Commiitee  pat  forward  the  following  as,  ie  Tiafflr  '  t 
the  chief  objects  to  be  aimed  at  in  any  refonn  o4  ccctk;- 
consumplion,  oimely  . — 

(I)  Attu.il  n-duction  in  cfjst  of  domestic  heatux?.  «;^ 
Ilk'  form  oi  dire\-t  sa«'ing  of  fuel  or  labour.  c*r  ii^'— 

{i)  rtiiligation  or  abohtion  of  the  domestic  smoke  n^izz-n. 
and 

(j)  better  hypienic  conditions  in  li\nng  apartmeDts  c-e^aers. 

A  householder  in  our  large  cities  and  towns  is  usualH-  c5-: 
a  fairly  wide  tan^e  of  choice  in  respect  both  of  availabJe  i. 
(or  energy)  and  of  the  wa>-s  and  appliances  in  which  to  c!Ji_ 
lliem.  He  may,  for  instance,  use  one  or  more  of  the  follow- 
sources  of  heat,  namely  anthracite,  bituminous  coal,  coke 
gas  from  the  local  gas-works,  or  e^-en  electricity.  And  he  » 
have  no  difficulty  in  finding  suitable  means  for  applying  ea- 
or  any  of  these  commodities,  either  for  the  cooking  of  his  dinU' 
or  ihc  heating  of  his  rooms.  Moreo\-er,  with  the  exception  i 
I'liiiminou*  coal — which,  however,  practically  every  house  in  if 
kingdom  burns^ihe  use  of  none  of  them  will  lay  him  open  to  tl 
.h.iii;c  I'f  .idding  to  the  pollution  of  the  atmosphere  round  h 
.ixrllmf; 

WhN  Uirn,  it  may  be  asked,  is  raw  bituminous  coal  t! 
hhuvi-saI  .hoiii-  of  the  average  British  citizen  for  his  domest 
h,**;ih'  Iht-  iiueslion  is  not  easily  or  simply  answered.  It 
f.-  .}^^u^I  iMnty  a  matter  of  first  cost,  partly  the  force  of  tw 
.v«im»ir>  ol  custom  and  ingrained  habit,  and  lastly  becaus 
-Viv  »>  s»*mi'thing  indefinably  pleasing  about  the  ever-changin 
L^Nt  I'l  a  coiil  lire  with  its  dancing  flames  and  genial  warm Ih 
*l»b.tx  *i>pcals  to  the  "  tire- worshipping  "  instinct  of  manldiid 
Vt*>  tiw  character  of  the  British  winter,  with  its  sombre  skies 
•<Mi;^.tUk^  lo^s,  and  rapid  changes  in  temperature,  makes  an  open 
I^ti  '^  v^i^^'.'ute  companion :  aiul  the  sitting  round  it  is  undoubtedly 
,^  kfl  ^btt  Wio«t  cherished  features  of  our  home-life. 
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^e  severe  winters  which  are  prevalent  in  the  corresponding  | 

les  of  North  America  or  Mid-Europe,  and  still  more  so 
s\ab-axctic  climates  of  the  farther  North,  either  central 
^S  systems  or  the  closed  stove  become  necessary  for  domestic 
■^g  on  grounds  of  comfort  and  economy,  and,  therefore,  are 
^'t  \xTiiversally  adopted.  Also,  in  countries  such  as  France, 
e  ooal  is  not  so  abundant  as  with  us,  anthracite  stoves  are 
•ly  used.  But  in  Great  Britain  central  heating  is  mainly 
LTied  to  hotels  and  country  mansions. 
3rKie  idea  of  the  wastefulness  of  our  British  open  fireplaces 

Icitchen  ranges  may  be  gained  from  the  fact  that,  whereas 
^  a.  population  of  46  millions  we  annually  consume  in  our 
Lses  about  36  million  tons  of  coal,  in  Grermany,  with  its 
pralation  of  67  millions  and  its  severer  winter  climate,  where 
»sed  stoves  and  janges  are  universally  employed,  only  17  million 
ns  are  so  burned.  In  other  words,  each  inhabitant  of  the 
aited  Kingdom  requires  a  domestic  consumption  of  15  cwts. 
\  coal  per  annum,  as  against  only  5  cwts.  in  Germany. 

Comparing  the  first  cost  of  energy  units  in  the  form  (i)  of  a 
ood  house  coal  of  (say)  13,500  B.Th.Us.  per  lb.  at  £1  los.  per  ton ; 
2)  of  gas  of  500  B.Th.Us.  per  cub.  ft.  at  2$,  6d,  per  1000  cub.  ft. ; 
\ivd  (3)  of  electricity  at  id.  per  unit,  a  pound  sterling  will 
purchase  the  possibility  of  developing  the  following  quantities 
of  heat : — 

(ij  In  the  form  of  coal      .         .      20,000,000  B.ThUs. 
5) 


(2)  „   „      „     „  gas        .         .       4,000,000 

(3)  „   „     »,     „  electricity      .  825,000 


These  figures,  however,  do  not  represent  the  relative  costs  of 

the  energy  actually  utilised  in  heating  apartments  or  for  cooking 

purposes,  because  a  much  greater  proportion  of  the  heat  developed 

by  the  combustion  of  gas  is  utilised  than  by  the  combustion  of 

coal,  and  the  proportionate  loss  in  the  case  of  electricity  is  the 

least  of  all.    The  percentage  losses  in  the  three  cases  may  be 

considered  as  approximately  not  less  than  60  in  the  case  of  coal, 

about  20  in  the  case  of  gas,  and  not  more  than  10  in  the  case  of 

electricity.   Hence  for  the  expenditure  of  one  pound  sterling 

the  following  number  of  "  utilised  "  heat  units  would  probably 

be  obtained : — 

(ij  Fiacoal  .         .     8,000,000 

(2)  Fiagas  .         .     3,200,000 

(3)  Fia  electricity         •       750,000 
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Nor  does  a  fair  comparison  of  the  three  commodities  end  here, 
because  not  only  are  gas  and  electricity  absolutely  clean  and 
can  be  turned  on  and  off  without  trouble  at  a  moment's  notice, 
so  that  when  the  heat  is  not  required  it  need  not  be  developed, 
but  also  the  labour  necessarily  expended  in  maintaining  coal 
fires,  and  the  smoke  and  dirt  which  their  use  entails,  are  serious 
items  in  household  economy.  Moreover,  the  use. of  raw  bitu- 
minous coal,  capable  as  it  is  of  3delding  by  proper  treatment 
products  whose  value  to  the  community  far  exceeds  their  mere 
heating  potentialities,  must  be  regarded  as  a  national  waste. 
The  use  of  coke  or  semi-carbonised  coal  would,  however,  remove 
this  reproach. 

Coal  and  Coke  Fires 

A  good  house  coal  should  be  selected  for  its  free-burning 
qualities  and  low  ash  content,  and  in  a  closed-in  kitchen  cook- 
ing range  with  its  stronger  draught  a  "  harder  "  coal  should  be 
burnt  than  in  the  open  fireplace  of  an  ordinary  sitting-room, 
or  otherwise  .undue  waste  will  result.  Indeed  for  a  properly 
designed  kitchen  range  of  this  type  a  good  quality  of  gas  col^ 
is  often  preferable  to  most  "  house  coals,"  either  used  by  itself 
or  in  conjunction  with  the  coal. 

Even  a  well-designed  closed-in  kitchen  range  may  be  very 
wasteful  of  coal  unless  those  managing  it  not  only  regularly 
remove  the  accumulation  of  soot  and  ashes  which  are  alwa3rs 
being  deposited  in  the  oven  flues,  but  also  control  the  draught 
by  means  of  the  various  dampers  according  to  the  varying 
requirements  of  each  day's  operations.  If  the  passage  of  the 
hot  products  of  combustion  round  the  oven  flues  is  impeded  by 
undue  accumulation  of  soot  and  fine  ashes  therein,  the  oven 
cannot  be  brought  to  a  good  baking  or  roasting  heat,  and  all 
attempts  to  force  it  by  opening  of  the  dampers  are  usually  not 
only  futile,  but  involve  great  waste  of  fuel.  On  the  other  hand, 
it  may  be  that  if  the  oven  flues  are  clear  and  the  draught  is  not 
checked  by  the  damper,  the  air  is  drawn  at  an  unnecessarily 
high  velocity  through  the  fuel,  with  the  result  that  the  fire 
"  roars "  and  the  coal  is  too  quickly  consumed.  Those  who 
operate  kitchen  ranges  need  reminding  that  the  rate  at  which 
the  glowing  coal  bums  in  the  grate  is  determined  by  the  rate 
at  which  the  air  is  drawn  through  it. 

In  this  connection  it  is  well  to  point  out  that  the  design  of 
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^'y  kitchen  ranges  is  defective  in  that  the  air  is  allowed  too 
access  to  the  fire  when  the  oven  dampers  are  open,  and 
a  case  the  plan  of  partially  closing  in  the  open  space 
the  level  of  the  firegrate  and  the  ash-box  below  it  by 
of  a  wrought-iron  plate  may  be  resorted  to  with  the  object 
t  only  of  checking  the  flow  of  air,  but  also  of  causing  it  to  be 
:e;o-ted  through  the  cavity  below  the  grate  so  that  it  may  be 
mei^hat  preheated  before  it  reaches  the  fire.  Indeed,  all 
t.c:lien  ranges  should  be  fitted  with  means  of  regulating  the 
Llet  of  air  to  the  fire,  a  far  preferable  way  of  reducing  the  draught 
xroixgh  the  fire  than  by  a  damper  in  the  flue,  which  has  the 
isa.<l vantage  of  throttling  the  flue  and  impeding  the  products 
•f  combustion  getting  freely  away.  Also  if  a  pan  of  water  be 
>laced  in  the  ash-box,  the  warm  air  passing  over  it  will  carry 
toirward  into  the  fire  a  certain  amount  of  steam,  which  will 
generate  "water  gas"  by  its  endothermic  reactions  with  the 
incandescent  coke,  and  thus  cool  the  bars  and  diminish  somewhat 
the  loss  by  radiation  from  the  grate. 

A  good  deal  of  the  smoke  emitted  from  kitchen  chimneys  may 

be  avoided  by  the  selection  of  a  cooking  range  provided  with 

properly  constructed  grooved  metal  fire-cheeks,  in  which  most 

of  the  smoke  is  consumed  by  an  air  supply  which,  entering  the 

grooves  at  the  bottom  and  being  heated  in  passing  through 

the  cheeks,  meets  the  smoke  at  the  top  and  causes  it  to  burst 

into  flame. 

Before  leaving  the  question  of  coal  consumption  in  kitchen 

ranges,  something  ought  to  be  said  about  the  boiler.    In  small 

and  middle-class  houses,  a  supply  of  hot  water  for  domestic 

use,  including  baths,  can  be  economically  obtained  from  the 

range  boiler,  provided  it  is  scientifically  designed  and  constructed. 

But,  unfortunately,  this  branch  of  engineering  is  not  properly 

understood  and  has  been  very  much  neglected  by  those  whose 

business  it  is  to  select  and  fix  domestic  ranges,  with  the  result 

that  tens  of  thousands  of  tons  of  coal  are  annually  wasted  by 

inefficient  appliances. 

For  any  one  who  has  even  an  elementary  knowledge  of  the 
principles  of  heat  transmission,  it  is  only  necessary  to  examine 
the  average  small  range  saddle-boiler  to  be  convinced  of  its 
inefficiency.  The  ordinary  house  is  usually  provided  with  a 
40  to  60  gal.  hot-water  cylinder  or  tank,  which  is  often  con- 
nected with  a  boiler  whose  effective  heating  surface  is  only 
2  or  3  sq.  ft.    Hence,  in  order  to  heat  up  such  a  quantity  of 
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water  quickly,  the  damper  in  the  boiler  flue  has  to  be  fully 
opened,  with  the  result  that  the  fire  "  roars"  and  the  rate  ol 
coal  consumption  is  at  least  doubled.  On  the  other  hand,  with 
a  profwrly  designed  and  proportioned  arrangement,  a  reasonable 
supply  of  hot  water  should  be  obtained  with  the  boiler  damper 
only  sUghtly  opened. 

We  owe  many  recent  reforms  in  the  construction  of  house 
firegrates  to  the  pioneering  work  and  observations  of  Mr.  T. 
Pridgin  Teale.  F.R.S.,  the  eminent  Leeds  surgeon.  The  prin- 
ciples which  he  advocated  are  set  forth  in  a  pamphlet  on  Economy 
of  Fuel  in  House  Fires  which  he  published  in  1883,  and  also  in 
a  lecture  on  the  "  Principles  of  Fireplace  Construction  "  which  he 
delivered  on  February  5.  1886.  before  the  Royal  Institution  of 
Great  Britain,  and  they  have  since  been  embodied  in  the  weU- 
known  "  Teale  "  fireplaces. 

In  the  first  of  these  publications  he  tells  that  his  ideas  embody 
a  combination  of  two  conditions,  namely.  "  one,  that  no  current 
of  air  should  pass  through  the  grate  at  the  bottom  of  the  fire; 
the  other,  that  the  space  or  chamber  under  the  fire  should  be 
kept  hot."  He  laid  down  seven  rules  to  be  observed  in  the 
construction  of  fireplaces,  which  in  substance  are  as  follows  ; — 

(r)  As  much  firebrick  and  as  Uttle  iron  as  possible  to  be  used. 

(2)  The  back  and  sides  of  the  fireplace  should  be  constructed 

of  firebrick. 

(3)  The  back  of  the  fireplace  should  lean  or  arch  over  the 

fire  so  as  to  become  heated  by  the  rising  flame,  whereby 
smoke  is  consumed,  and  much  more  heat  is  radiated  into 
the  room. 

(4)  The  bottom  of  the  fire  or  grating  should  be  deep  {9  to 

12  in,)  from  before  backwards,  in  order  that  the 
fire  may  be  made  horizontal  and  slow-burning  instead 
of  vertical  and  quick-burning. 

(5)  The  sUts  in  the  grating  should  be  narrow  (J  to  |  in.  in 

width). 

(6)  The  bars  {if  any)  in  front  should  be  narrow  {less  than 

i  in.  thick)  and  not  more  than  four  in  number  for  an 
ordinary  fire. 

(7)  The  chamber  beneath  the  fire  should  be  closed  in  front 

by  a  shield  or  "  economiser."  so  as  to  stop  all  currents 
of  air  that  would  pass  under  the  grate  and  through  the 
fire. 
Some  of  these  principles,  or  the  objects  aimed  at  by  their 
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ci,  lia.<l  1>een  set  forth,  as  Mr.  Teale  acknowledged,  by 
^umf  ord  as  long  ago  as  the  year  1800,  whose  words  are 
•rtli  quoting  here : — 

Ti  sLxid,  in  general,  metals  of  all  kmds  are  to  be  reckoned 
St  tbe  very  worst  materials  that  it  is  possible  to  employ 
construction  of  a  fireplace  .  .  .  the  best  materials  I 
litherto  been  able  to  discover  are  firebricks  and  common 
and  mortar.  The  fuel,  instead  of  being  employed  to  heat 
»om  direcUy,  or  by  the  direct  rays  from  the  fire,  should  be 
posed  or  placed  as  to  heat  the  back  and  sides  of  the  grates, 
1  must  always  be  constructed  of  firebrick  or  firestone, 
never  of  iron  or  any  other  metal.  ...  I  should  increase 
lepth  of  the  fireplace  at  the  hearth  to  12  or  13  in.,  and 
dd  build  the  back  perpendicular  to  the  height  of  the  top 
be  burning  fuel,  and  then  sloping  the  back  by  a  gentle 
ination  forward,  bring  it  to  its  proper  place,  that  is  to  say, 
pendicularly  under  the  back  part  of  the  throat  of  the 
mney."  And  in  regard  to  a  fireplace  whose  back  was  so  inclined 
ward  he  said :  "  The  flame  rising  from  the  fire  broke  against  the 
rt  of  the  back  which  sloped  forward  over  the  fire,  and  this  part 
the  back  being  soon  very  much  heated,  and  in  consequence  of  its 
ting  hot  (and  when  the  fire  burned  bright  it  was  frequently  quite 
^d-hot)  it  threw  off  into  the  room  a  great  deal  of  radiant  heat." 
Mr.  Teale  also  recommends  (i)  that  the  "  lean  over  "  at  the 
'ack  of  the  fire  should  be  at  an  angle  of  70°  to  the  horizontal 
ine  of  the  hearth,  also  subsequently  in  a  private  note  to  the 
mter  he  added,  "  better  an  angle  of  60^  in  some  cases  " ;  and 
(2)  that  the  sides  of  the  hearth  should  form  an  angle  of  60**  with 
the  front  base  line  so  as  not  to  cut  off  radiation  from  the  back 
part  of  the  fire.  Thus  in  plan  the  ideal  form  is  based  upon  an 
equilateral  triangle,  as  shown  in  the  accompan3dng  diagram 
(Fig.  29). 

In  1887  Mr.  Teale,  in  conjunction  with  his  son,  worked  out  a 

design,  since  known  as  the  "Front   Hob  Fireplace,"  which 

embodied,  in  the  most  perfect  form,  the  principles  advocated 

in  his  Royal  Institution  Lecture  the  year  previously.    In  it, 

either  the  hearth  is  raised  to  form  the  front  of  the  fire,  or  the 

fire  space  is  sunk  below  the  level  of  the  hearth,  thereby  doing 

away  altogether  with  the  use  of  front  bars,  and  their  impeding 

efiect  upon  free  radiation.    This  iimovation  was  the  forerunner 

of  the  numerous "  barless  "  fires  which  have  since  come  so  much 

into  vogue  for  the  heating  of  apartments. 
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COAL  AND  ITS  SCIENTIFIC  USES 

Among  other  improved  domestic  fireplaces  should  be  men- 
tioned those  in  which  provision  is  made  for  regulating  com- 
bustion, according  to  the  needs  of  the  moment,  by  means  of 
doors  or  fronts  closing  up  in  sections.  For  very  slow  combustion 
the  lower  section,  formed  of  two  doors,  is  closed  over  the  fpnt 
of  the  fire  so  as  to  exclude  all  but  the  small  amount  of  air  required 
to  keep  it  smouldering  tmtil  such  time  when  a  greater  heat  is 
required.  When  it  is  necessary  to  increase  the  l^t,  the  upper 
doors  are  shut  and  the  bottom  ones  opened,  thus  forming  an 
efiftcient  "blower,"  and  a  hot  bright  fire  is  quickly  obtained. 
Such  a  device  is  invaluable  for  sick  rooms,  where  a  fire  has  to  be 
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Fig.  29. — '*  Economiser  "  Fireplace. 


maintained  throughout  the  night,  or  for  dining-rooms,  where 
it  is  only  wanted  at  certain  hours  of  the  day. 

Although  the  practice  of  biiming  raw  bituminous  coal  in 
domestic  stoves  and  fireplaces  is  to  be  condemned  as  dirty  and 
unscientific,  it  by  no  means  follows  that  the  open  fireplace 
ought  to  be  abolished.  The  proper  solution  of  the  domestic 
problem  lies  rather  in  the  directions  of  (i)  providing  all  houses 
with  stoves  and  fireplaces  designed  and  constructed  in  accord- 
ance with  sound  principles ;  and  (2)  burning  in  them  some  form 
of  carbonised  coal  or  gas. 

The  proposal  to  manufacture  for  domestic  consumption  a 
smokeless  "  semi-coke  "  by  carbonising  bituminous  coals  at  low 
temperatures  is  scientifically  sound,  if  it  can  be  carried  out  on 
commercial  lines  in  such  a  way  as  to  yield  a  product  which  will 
not  only  stand  transport  reasonably  well,  but  can  also  be  sold 
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tbe  oonsiimer  at  a  price  not  exceeding  that  of  a  good  house 
^-  To  xnake  it  coherent  enough  to  stand  transport  by  rail 
-t>-  ^  **  somi-coke  "  might  be  briquetted  with,  if  necessary,  a 
all  a-ddition  of  a  suitable  binding  agent.  If  such  conditions 
<i  l3e  fi:ilfi]led  on  a  large  scale,  the  domestic  hearth  would  be 
-ed  from  its  present  reproach  of  being  a  prolific  smoke-pro- 
icer,  axkd  the  Englishman  could  satisfy  with  a  clear  conscience 
s  love  of  an  open  fire. 

To  \>\xrxi  gas-coke  or  anthracite  requires  a  stronger  draught 

^ian  is  given  by  the  slow  combustion  grates  of  the  Teale  type. 

kntYxr^Lcite  may,  however,  be  burned  efficiently  in  a  properly 

onstnxcted  closed  stove,  provided  that  a  good  draught  is  allowed 

ixid  \l\a.l  the  flue  is  properly  connected  with  a  chimney,  so  that 

the  products  of  combustion  are  all  vented  into  the  outside  atmo- 

s^^iere  i?vithout  contaminating  the  air  in  the  room.    Such  stoves 

are  largely  used  on  the  Continent,  and  to  a  limited  extent  also 

m  the  London  area.    They  are  kept  burning  continuously  day 

and  night  throughout  the  winter,  and  for  many  purposes,  such 

^s,  for  example,  heating  a  library  or  a  room  where  musical 

instruxnents  are  kept ;  they  are  clean  and  economical,  and  after 

being  once  lighted  up  they  require  but  Uttle  attention. 

Although  gas-coke  is  more  difficult  to  bum  than  bituminous 
^   coal  in   an  ordinary  domestic  fireplace,  there  is  no  particular 
reason  why  fireplaces  should  not  be  constructed  so  as  to  over- 
come the  difficulty.    The  main  thing  is  a  good  draught  with  a 
deeper  but  narrower  fuel  bed  than  is  used  for  bituminous  coal. 
The  chief  objection  to  gas-coke  as  a  domestic  fuel  is  its  greater 
ash  content  than  a  good  house  coal.    Coke  intended  for  domestic 
.use  should  be  manufactured  from  coal  specially  selected  for  its 
low  ash  content  and  should  be  broken  and  screened  into  a 
suitable  size  before  delivery  to  the  consumer. 

Dr.  A.  Vernon  Harcourt,  F.R.S.,  recently  described,  in  a 

paper  before  the  Royal  Society  of  Arts,^  a  type  of  fireplace 

designed  and  used  for  many  years  by  him,  which  he  claims  as 

being  specially  adapted  for  the^buming  of  coke  in  sitting-rooms. 

The  grate,  which  is  designed  to  }deld  as  much  radiant  heat 

as  possible  from  the  fuel,  supports  an  upright  wall  of  coke, 

4  to  4^  in.  from  back  to  front,  and  varying  in  width  from 

8  to  24  in.,  according  to  the  size  of  the  room  to  be  heated. 

The  grate  consists  of  a  series  of  slender  horizontal  bars  in  front, 

"^nd  a  firebrick  slab  tmdemeath  and  at  the  back.     There  are 

^  Joum,  Roy,  Soc.  Arts,  LXIII.  (z9X5)»  p.  570. 
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y  x>eople,  unacquainted  with  the  science  of  combustion, 
vX,  various  times  had  the  notion  that  the  sprinkling  of  coal 
le  with  a  minute  quantity  of  a  solution  of  some  mineral 
iXLce,  such  as  common  salt,  will,  somehow  or  other,  give  a 
:  efiect  as  regards  heating  a  room.     Thus,  for  example,  on 
ni\>er  4,  1915,  there  appeared  a  letter  in  The  Times  news- 
r  from  a  correspondent,  saying  how  he  had  considerably 
::e<i  his  domestic  coal  bill  by  the  simple  expedient  of  dis- 
ns  a  lai^e  tablespoonful  of  salt  in  somewhat  less  than  a 
of  water,  and  sprinkling  this  fluid  from  a  watering-can 
:  2t     hundredweight  of  coal  spread  out  over  the  floor  of  the 
-ceJJa^r,  taking  care  that  each  piece  of  coal  got  some  part 
he  ^^uid.    "  I  am  aware,"  he  continued,  "  that  my  scientific 
j^ds     wtU  regard  the  whole  matter  with  scepticism ;  for  they 
1  say^     ^^  doubt  rightly,  that  it  is  impossible  to  increase  by 
V  prao^ss  of  doctoring  the  number  of  thermal  units  which 
e  cont;^i^«d  m  a  hundredweight  of  a  particular  kind  of  coal. 
at  it  arenas  possible  that  a  method  of  doctoring  which  leads 
>  mote  complete  combustion  may  nevertheless  be  a  method 
f  saving  coal,  and  I  would  also  not  exclude  the  possibility  of  a 
«ychological  process  at  work." 

It  is  perhaps  an  index  of  the  lamentable  ignorance  which 
prevails  in    this  country  with  regard  to  the  elementary  principles 
ol  chemicaJ  science  that  the  real  efficacy  of  such  a  procedure 
should  nowadays  be  seriously  entertained.    The  results  of  scien- 
tific investigrations  certainly  afford  no  ground  for  the  belief  that 
the  mere  sprinkling  of  a  large  quantity  of  coal  or  coke  with  so 
minute  a  proportion  of  a  solution  of  a  mineral  salt  will  in  any 
way  materially  increase  its  heating  effect,  although,  of  course, 
the  wetting  of  a  fire  does  tend  to  increase  its  life,  without,  how- 
ever, adding  either  to  the  total  amount  of  heat  developed  by 
the  combustion  of  a  pound  of  the  fuel,  or  that  proportion  of  it 
which  is  radiated  into  the  room. 

In  regard  to  the  general  question  raised  in  the  letter  referred 
to,  it  may  be  noted  incidentally  that  Dr.  Harcourt  has 
lecoided  the  results  of  some  experiments  which  he  made  with 
his  file  io  test  whether  sprinkling  the  fuel  with  a  small  quantity 
oi  a  solution  of  a  powder,  mainly  composed  of  common  salt, 
\70Dld  give  a  better  or  more  economical  effect  as  regards  heating 

atootQ. 
A  i^eaped  teaspoonful  of  the  powder  was  stirred  up  In  a  pint 

and  three  scuttlesful  of  coal  were  sprinkled  with  the 
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TTae  r^  ''"'■a  ir  -.'•- c-.c  pnrprses  is  now  so  well  cstaMiirr:  \ 
n  t»  iir.-itfa  -t  *!.  *: — >^5  :c  'ii'iises  thrcuehijut  the  Kixi^cn  j 
tin  r  i-r^-  ii-r.::5  2L.*r»  ^T.tn  a  passuL?  reference.  Its  pojr:- 
jum*-  5  i^-.irrir^  n-jf  ji  -j^i*  ir^r  pLice  ro  rt5  being  ever  read; 
r^  »n?r:uu'n  sr  l  nrmiKir  i  31- ore  wiii  ^  mnamum  cxpend/rrc 
c  liar  icj.  Uifi  itfjsr,  ?v'  tje  *ise  wkii  which  the  heat  may  be 
T-r-.iifj.  A'  ii?  -i»  -;*iir  --iij  ir-nt  =1  hard ;  and  finally,  to  m 
■li-^n.inf^s.  r:'ji'v*aumcjs.  »-t*^  z»*at2rii  e&iicncv-  These  ad^*aii' 
~ius7»  it^T^  "-imcinisti  x*  i^rurs  3T  rr  aa.  assured  positioD  in  oir 

Jotri  :et'*ar  7»ar5.   i«-.w»tTsr,  tbt  :^e  o€  gas  fires  for  livii^    ( 
aramnents  ^ns  ^jenrsf  a^ir.arji:^  by  perhaps  the  majority  of 
3nti5fl  pet^cie.  as  beir;?  aot  otiIt  ciihcalthy  bat  also  generally    ) 
anpieasant     Anii  rt  rzr^x  be  a^initted  that  the  cmde  gas  fire 
01  e\'en  ten  r^ars  i?  ^  left  m:3.?h  to  be  desired  on  both  these  counts. 
The  atntiuie  ct  mijst  people  at  that  time  towards  the  gas  fire 
was  once  apdv  described  by  an  old  lady  ^dio  said  she  could 
always  "  smca  one  being  hghted   in   the  next  street"    The     [ 
medkal  professaon  in  general  was  also  prejodiced  against  the 
use  of  gas  in  living  apartments,  on  grounds  which  scientific     f 
investigation  has  proved  to  be  illusory,  at  least  so  far  as  any 
modem  types  of  such  fires  are  concerned. 
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t:yp»i.oal  gas  fire  of  to-day  consists  essentially  of  a  series  i|^  \- 

c>s j>liieric  burner  nozzles,  varying  usually  between  seven  [ .  .'^   • 

^t^^n  in  number,  according  to  the  size  of  the  apartment 
^ea-t:ed»  arranged  equidistantly  along  a  conmion  horizontal 
^  P^l>^»  provided  with  suitable  means  for  properly  adjusting 
la.ti ve  gas  and  primary  air  supplies  so  as  to  ensure  a  vertical 

oi  Tion-luminous  and,  as  nearly  as  possible,  silent  bunsen 
s  of  ixniform  height  and  character.  Above  each  flame  is 
^  3^  IvoUow  fireclay  columnal  "radiant,"  perforated  in  a 
ner  expressly  contrived  to  promote  uniform  heating  of  the 
nvTv  tlunoughout,  and  with  each  flame  rising  into  the  cavity 
:s  paxticular  radiant.  Care  is  taken  to  prevent  any  impinge- 
:i\.  oi  tbe  inner  cone  of  the  flame  upon  its  radiant.  The  back 
the  fire  is  formed  by  a  fireclay  slab  fiixed  vertically  behind 
'.  x^diants,  which  are  held  in  position  by  means  of  one  sUght 
rizontal  iron  rod.  At  a  suitable  distance  above  the  top  of 
^  Tadiants  is  fiixed  a  metallic  hood  or  "  canopy,"  by  means  of 
lich  the  products  of  combustion  are  collected  and  discharged 
sough  the  flue  vent  into  the  chimney,  without  contaminating 
le  atmosphere  of  the  apartment.  This  arrangement  of  burners, 
adiants,  canopy,  and  the  flue  vent  is  suitably  enamelled  dull 
)lack.  Needless  to  say  the  flue  vent  of  the  fire  should  not  only 
)e  ample  in  area  but  should  also  be  properly  connected  with  a 
good  chimney,  which  is  as  necessary  to  a  gas  as  to  a  coal  fire. 
The  fire  should  be  either  built  into  an  existing  chimney  breast, 
or,  if  placed  in  front  of  it,  the  chimney  breast  should  be  closed 
in  except  for  an  opening  just  large  enough  to  allow  of  the  passage 
through  it  of  the  flue  pipe  of  the  fire,  and  such  further  openings 
as  may  be  required  to  allow  of  the  necessary  ventilation  of  the 

apartment  as  hereinafter  mentioned. 
It  cannot  be  too  often  insisted  that,  whereas  with  a  flue  vent 

oi  sufficiently  large  area  and  a  good  chinmey  draught,  a  properly 

constructed  gas  fire  will  in  addition  to  warming,  also  satis- 
factorily ventilate  a  room,  everything  depends  on  the  draught, 

and  above  all,  upon  the  absence  of  down-draught.    For  the 

mere  substitution  of  a  gas  for  a  coal  fire  will  not  of  itself  cure  a 

down-draught,  as  some  people  seem  to  think,  unless  the  gas 
&ie  be  installed  in  a  scientific  manner  with  due  regard  to  all  the 
circumstances. 

The  energy  developed  by  combustion  in  a  gas  fire  is  dissipated 
in  one  or  other  of  three  ways,  namely : — (i)  a  considerable  pro- 
portion is  directly  radiated  into  the  apartment ;  (2)  another  part 

231 


COAL  AND  ITS  SCIENTIFIC   USES 

is  carried  off  as  "  sensible  heat "  by  "  conduction  "  through  the 
metal  casing  and  fittings,  whence  it  is  imparted  to  currents 
of  air  which  come  into  contact  with  them,  thus  creating  "  con- 
vection "  currents  in  the  room ;  whilst  (3}  the  remainder  is 
carried  off  up  the  fiue  in  the  heated  products  of  combustion 
plus  the  excess  air  which  the  fire  vents  with  them  up  the  chimney. 

Of  these  three  portions,  {1}  passes  instantaneously  in  straight 
lines  through  the  air  of  the  room,  without  sensibly  heating  it. 
until  it  strikes  some  surface,  such  as  the  walls  or  furniture  of 
the  apartment,  or  the  body  of  some  occupant,  which  will  partly 
or  wholly  absorb  and  convert  it  into  sensible  molecular  heat, 
which  latter  is  eventually  imparted  as  "  convected  heat "'  by 
such  objects  to  the  air  of  the  room  coming  in  contact  with 
them ;  {2)  goes  to  heating  directly  the  air  of  the  room ;  whilst 
(3)  is  the  only  part  which  is  ultimately  lost,  although  it  in- 
directly does  useful  service  in  ventilating  the  room.  The  object 
of  a  properly  designed  gas  fire  should  be  to  secure  the  maxima 
of  radiant  and  ventilating  effects  with  a  minimum  of "  flue  heat," 
and  there  is  no  doubt  that  the  greatly  improved  types  of  fires 
which  several  of  the  leading  makers  have  put  on  the  market 
within  recent  years  do  achieve  successful  results  in  tliis  direction. 

The  first  scientific  investigation  of  the  heat  balance  of  a  gas 
fire  was  made,  under  the  author's  general  supervision,  at  the 
University  of  Leeds  on  behalf  of  a  Committee  appointed  in  1907 
by  the  University  in  conjunction  with  the  Institution  of  Gas 
Engineers,  The  experimental  methods  employed  are  described 
in  detail  in  their  first  Report  which  was  published  in  190Q.' 

In  investigating  such  a  heat  balance,  it  is  usual  to  determine 
the  aforementioned  parts  (i)  and  (3),  that  is  to  say  the  "  radiant 
efficiency  "  and  the  "  flue  heat,"  by  direct  measurement,  leaving 
(2).  that  is  to  say  the  percentage  of  "  convected  heat,"  to  be 
estimated  by  difference.  In  the  Leeds  investigation,  the  method 
adopted  for  determining  the  "  radiant  efficiency "  consisted 
essentially  in  firstly  establishing,  by  thermopile  readings,  a 
relation  between  the  intensity  of  the  radiation  at  a  central 
equatorial  area  in  a  hemisphere  in  front  of  the  fire  and  the  total 
radiation  received  over  the  whole  hemisphere  (a  relation  which 
is  sometimes  called  the  "  distribution  factor  "  of  the  fire),  and 
then  in  determining,  by  means  of  a  radiometer  of  the  water 
calorimeter  type,  designed  by  Professor  R.  H.  Smith,  the  actual 
number  of  calories  radiated  by  the  fire  per  hour  on  to  the  said 
*  Trani.  Inst,  of  Gas  Enginiirs,  1909,  pp,  59  to  loi. 
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equatorial  area.  The  number  of  such  calories  multiplied 
'tl^e  *'  distribution  factor  "  of  the  fire  gives  a  measure  of  the 
tal  energy  radiated  by  the  fire  per  hour  in  terms  of  calories, 
^<i  tile  relation  of  this  to  the  total  net  heat  developed  by  the 
»rn\>vistion  of  the  gas  in  the  fire  per  hour  gives  the  radiant 
ficiency  of  the  fire, 

T^Ke^  Leeds  Investigation, — In  the  Leeds  experiments  a  gas  fire, 

'liicli  may  be  taken  as  representative  of  those  ordinarily  supplied 

t  ll\e  time  (1907-9)  to  consumers  by  the  leading  makers,  was 

Bsted  in  a  specially  constructed  double-waUed  chamber  in  such 

L  Tivajiner  that  the  amount  of  air  carried  up  the  flue  along  with 

:lie  hot  products  of  combustion  could  be  controlled  within  wide 

limits  by  means  of  a  small  electrically-driven  fan,  which  fitted 

exactly  into  the  outer  end  of  the  flue.     The  dimensions  of  the 

experimental  chamber  were  9  ft.  X  9  ft.  X  9  ft.,  and  its  internal 

capacity,  after  allowing  for  the  various  instruments  installed 

therein,  was  710  cub.  ft.    It  was  built  of  tongued  and  grooved 

boards  within  one  of  the  rooms  of  a  building  adjacent  to  the 

Fuel  Department  of  the  University  of  Leeds,  and  it  was  made 

as  nearly  air-tight  as  possible  by  lining  the  inside  walls,  floor 

and  ceiling  with  calico'  coated  with  asbestos  paint,  whilst  the 

outside  walls  were  coated  with  pitch.    The  fire  had  seven  bunsen 

burners,  all  connected  with  the  same  gas  and  air  supplies,  which 

were  adjustable;  combustion  took  place  within  seven  fireclay 

"  radiants,"  along  the  top  of  which  several  other  pieces  of  similar 

material  were  arranged.    The  back  of  the  fire  was  formed  of  a 

thick  firebrick  slab,  and  the  products  of   combustion  passed 

away  by  means  of  a  hole  (4^  x  1}  in.)  into  a  copper  flue  (6x4  in.) 

which  was  well  lagged  by  means  of  asbestos.    The  incandescent 

front  of  the  fire  measured  9  x  9  in. 

The  average  gas  consumption  of  the  fire  was  17  cub.  ft.  per 
hour,  measured  dry  at  0^  C.  and  760  m.m.,  whose  net  calorific 
value  was  about  570  B.Th.Us.  per  cub.  ft.  The  air  supply  to  the 
bumer  was  so  arranged  that,  after  getting  a  distinct  inner  cone, 
it  was  adjusted  until  a  slightly  hazy  inner  cone  was  obtained. 
The  flame  was  then  of  such  a  size  and  shape  that  the  outer  cone, 
where  combustion  was  being  completed,  very  slightly  impinged 
on  the  fireclay. 

In  the  following  experiments  (Table  LV),  which  are  quoted 
as  typical  of  the  rest,  the  fire  was  so  fi«ed  that  its  centre  was 
horizontally  opposite  that  of  the  radiometer;  in  Nos.  16  and  17, 
the  fan  was  not  working,  so  that  the  draught  conditions  were 
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quite  nonnal,  whereas  in  Nos.  13  and  14,  with  the  fan  on,  a 
considerable  volume  of  surplus  air  was  drawn  up  the  Sue. 


TABLE  LV 
Lbbds  ExpBRtuBNTS  ON  Gas  Fuss  (1907-1909) 


So 
IBZi 

14 

Percentage  of  Net  Heat 
of  Combustion. 

'.Hi 

m 

.Pi 

Carbon  Di- 
oxide. Parts 

Ridliled 

Convccted 

Ek 

IW. 

Ort- 

13 

I7'62 

346-4 

33-30 

19-57 

45-13 

2100 

85-0 

3-6^ 

3-55 

14 

17-90 

585-3 

3i'io 

31-20 

37-M 

1760 

89-5 

370 

3-54 

16 

1810 

565-3 

27-37 

51-21 

ai-41 

494 

133-2 

6-0 

3.J0 

»7 

17-34 

5622 

3060 

50-63 

iB-77 

538 

laS'O 

5-7        3-30 

The  principal  conclusions  which  may  be  drawn  from  the  investi- 
gation may  be  summarised  as  follows : — 

(i)  That  the  total  radiation  from  an  open  gas  fire  of  that  date 
averaged  as  nearly  as  possible  one-third  of  the  total  net  heat 
of  the  combustion  of  the  gas  burnt,  and  that  it  was  unaffected 
by  the  amount  of  ventilation  through  the  room. 

(2)  That  the  amount  of  surplus  air  vented  up  the  flue  pipe 
under  normal  conditions  of  draught  was  comparatively  small. 
It  is  generally  considered  that  the  air  of  a  room  should  be  changed 
not  less  than  three  times  per  hour,  and  when  this  degree  of 
ventilation  was  reached  with  the  aid  of  the  fan  in  Experiment  13, 
not  less  than  45  per  cent,  of  the  heat  was  carried  away  up  the 
flue  and  about  20  per  cent,  of  it  only  was  imparted  to  the  room 
as  "  convected  "  heat.  The  total  energy  utilised  in  this  Experi- 
ment was  55  per  cent,  of  the  net  heat  of  combustion  of  the  gas. 

(3)  That  the  proportion  of  the  flue  heat  increased  and  that 
of  the  "convected"  heat  decreased  with  the  ventilating  effect 
of  the  fire. 

(4}  That  the  combustion  of  the  gas  to  carbon  dioxide  and 
steam  was  substantially  complete  in  all  experiments,  and  that 
no  trace  of  noxious  products  escaped  into  the  atmosphere  of  the 
room  heated.  Also  that  (as  in  Experiments  13  and  14)  the 
amounts  of  carbon  dioxide  and  steam  added  to  the  atmosphere 
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of  tfae  room  were  practically  negligible,  as  the  following  figures 


Experi- 

Cab. Ft. 
SurplMAir 
per  Hour. 

Parts  CO,  per  10,000  Air 

Gnuns  of  H.O  per 
Cub.  Ft.  Air. 

ment. 

Outside 
Room. 

Inside 
Room. 

Outside 
Room. 

Inside^ 
Room. 

13 

2100 
1760 

3-55 
3-54 

3-62 
370 

3-4 
27 

4-3 
41 

Recent  Developments  in  Gas  Fires 
Thanlcs  mainly  to  the  stimulus  imparted  by  the  Leeds  investi- 
gation, all  the  leading  manufacturers  of  gas  fires  have  within 
recent  years  set  up  scientific  departments  in  their  own  works, 
with  tlw  result  that  further  great  unprovements  have  been  made 
both  in  regard  to  the  radiant  efficiencies  and  the  ventilating 
capacities  of  the  fires.  These  improvements  were  admirably 
summarised  by  Mr.  H,  James  Yates,  whose  well-known  pioneering 
work  in  this  direction  has  been  responsible  for  many  of  them, 
in  papers  which  he  read  at  the  British  Association  Meetings 
(Chemical  Section)  in  1913  and  1915.^  In  conjunction  with 
Professor  H.  L.  Callendar  and  the  author  he  also  worked  out  a 
new  Bolometric  Method  of  determining  the  Efficiencies  of  Radi- 
ating Bodies  (now  known  as  the  B-C-Y  Method)  which  is  much 
more  rapid  and  accurate  than  the  Leeds  Radiometric-cum- 
Thermopile  Method.* 


Tests  at  the  Imperial  College  of  SaEKCE  and  Technology, 
*  London,  on  Radl^ting  Efficiency  of  a  Modern  Fire 

^In  December  1914,  Bone,  Callendar  and  Yates  applied  their 

(1IM  bolometric  method  to  the  determination  of  the  radiant 
v|ncy  of  a  lo-inch  gas  fire  working  on  London  coal  gas,  of 
^^^    net    calorific    value    521-5    B.Th.Us.  per  cub.  ft.  at 
^■760  m.m.,  in  a  laboratory  at  the   Imperial  College  of 
Technology,   38  ft.  X  32I   ft.  X  15    ft.   high,   the 
'  v»"'  (1  between  14°  and  17°  C.  during  the 


V,  (A)  xa.  (19.5). 
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various  tests.  The  average  gas  (dry)  consumption  was  24-25  cub. 
ft.  per  hour  at  o**  C.  and  760  m.m.,  which  was  supplied  at  a 
constant  pressure.  The  results  of  ten  separate  tests  made  on 
seven  different  days  (see  Table  below)  showed  an  average  radiant 
efficiency  of  45  per  cent.,  reckoned  on  the  net  heat  of  combustion 
of  the  gas  burnt,  which  was  a  very  marked  advance  upon  the 
performance  of  the  gas  fire  as  it  existed  at  the  time  of  the  Leeds 
investigation. 


TABLE   LVI 

Date. 

Barometer 
m.m. 

Dry  Gas 

Consumption 

Cub.  Ft.  per 

Hourato**C. 

and  760  m.m. 

Net.  Cal. 
Value  of  Dry 
Gas  B.Th.Us. 
per  Cub.  Ft. 
at  o*  C.  and 

760  m.m. 

Radiant 
Efficiency 
per  cent. 

Dec.  9 
>*   10 

M    II 

„   14       ' 
M   16 

.,   17       • 
..   17       • 
M   17       • 

:ll  : 

750-3 

752-5 
746-1 

732-7 

748-4 
761-1 

764-7 

763-2 

763-2 

751-4 

24*00 
2449 

24-25 
2378 

24-19 

24-77 

24-49 

24-51 
24-26 

23*82 

523-8 

519-9 
518*2 

516-6 
523-0 
525-0 
5250 
522*6 
522*6 
518*2 

44*8 

450 
43-2 
46*0 
46*6 
44*6 
44-6 
45-5 
45-5 
44-0 

Mean  =  45-0. 

Mr,  Yates's  Work  on  the  Problem  of  Ventilation, — ^As  Mr.  Yates 
correctly  pointed  out  in  his  British  Association  paper  in  1913 
(/oc.  cit,),  "  the  problem  of  total  heating  efficiency  is  however  not 
the  only  one  which  makers  of  gas  fires  have  to  solve ;  the  equally 
important  question  of  ventilating  effect  must  be  considered,  for 
a  property  constructed  gas  fire  should  effectively  ventilate  as 
well  as  heat  an  apartment." 

It  is  not  sufficient  that  a  fire,  when  connected  with  a  chinmey 
flue  in  the  ordinary  way,  should  merely  allow  no  products  of 
combustion  to  escape  into  the  room,  an  elementary  hygienic 
condition  which  must  in  any  case  be  fulfilled,  but  it  ought  to 
produce  a  ventilating  effect  comparable  with  that  of  a  coal  fire. 
It  is  not  difficult  to  design  and  proportion  the  flue  vent  and  the 
canopy  of  a  gas  fire  to  ensure  the  drawing  up  the  flue  of  a  large 
volume  of  air  in  excess  of  that  required  for  combustion,  thus 

producing  good  ventilation.    The  real  difficulty  has  been  to 
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avoid  drawing  this  excess  of  air  over  the  upper  portion  of  the 
radiants,  thus  cooUng  them,  and  unnecessarily  diminishing  the 
radiant  efficiency  and  correspondingly  increasing  the  "  flue  heat." 
A  scientifically  constructed  gas  fire  ought  to  ensure  good  "  ventila- 
tion" without  sacrificing  radiant  efficiency. 

Hr.  Yates's  investigations  have  shown  that  the  last-named 
condition  can  be  fulfilled  provided  (i)  that  the  area  of  the  flue 
vent  behind  the  fire  is  large  enough ;  and  (2)  that  an  adequate 
vertical  distance  between  the  top  of  the  radiants  and  the  bottom 
of  the  canopy  of  the  fire  is  preserved.  Applying  the  Leeds 
Method  to  a  series  of  gas  fires  of  different  sizes,  so  constructed 
as  to  fulfil  these  conditions,  he  obtained  the  following  interesting 
series  of  results,  the  fire  in  each  case  being  properly  connected 
with  a  chimney  30  ft.  high : — 


TABLE  LVII 
Hr.  H.  Jahbs  Yates's  Tmts  upon  Gas  Firbs  {i9'3) 
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In  his  second  paper  (toe.  cit.)  Mr.  Yates  described  a  newly 
designed  gas  fire  which,  when  properly  connected  with  an  ordinary 
chimney,  not  only  removed  at  least  twice  as  much  air  from  a 
room  (11,800  cub.  ft.  per  hour  as  compared  with  4500  to  5000 
cub.  ft.)  as  did  the  previous  best  types  for  the  same  gas  con- 
sumption and  radiant  efficiency,  but  approached  the  ventilating 
capacity  of  an  ordinary  open  coal  fire  as  closely  as  is  necessary 
for  the  maintenance  of  a  perfectly  fresh  atmosphere  in  the  apart- 
ment heated.  Briefly  described,  the  new  contrivance  provides 
two  outlets  to  the  chimney  so  designed  and  proportioned  that 
by  the  tmder  outlet  the  entire  combustion  products  are  carried 
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off,  whilst  by  the  upper  or  "  ventilatiDg  "  outlet  a  large  vohnne 
of  excess  air  (the  amount  of  which  may  be  controlled  by  a  simple 
device)  is  also  removed. 

Other  ImprovemefUs. — In  addition  to  the  aforesaid  great  im- 
provements which  have  been  effected  in  regard  to  the  radiatbif 
efficiencies  and  ventilating  effects  of  gas  fires  since  the  days  of 
the  Leeds  investigation,  manufacturers  have  devoted  a  good 
deal  more  attention  than  fonnerly  to  the  construction  of  the 
burner  arrangements  with  a  view  to  obtaining  a  perfect]}' 
silent  combustion  of  the  gas,  and  so  suppressing  the  unpleasant 
*'  burring  "  noise  which  the  older  type  of  fires  always  made 
The  combined  result  of  these  investigations  in  which  the  scientific 
staffs  employed  by  the  various  manufacturers  have  participated, 
has  been  the  evolution  of  gas  fires  which,  besides  having  a  high 
radiant  efficiency,  are  both  thoroughly  h}^nic  and  pmcdcaSj 
silent  in  their  combustion,  and  from  these  points  of  view  they 
may  be  unreservedly  commended. 
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CHAPTER  XIII 
the  smoke  nuisance  and  its  abatement 

The  Evils  of  Smoke 

Next  to  the  waste  of  valuable  by-products,  otherwise  re- 
coverable, the  most  serious  evil  attendant  upon  the  use  of  raw 
bituminous  coal  as  a  fuel  is  the  pollution  of  the  atmosphere  with 
the  smoke  which  daily  issues  from  our  factories  and  domestic 
chimneys. 

This  evil,  which  is  ever  present  in  our  large  centres  of  popu- 
lation, not  only  deprives  us  of  much  beauty  of  form  and  colour 
that  we  might  enjoy  both  in  Nature  and  in  Art,  but  spells  death 
or  disease  to  thousands  of  our  fellow-men.    Some  years  ago  it 
was  estimated  that  the  material  loss  and  damage  due  to  smoke  in 
London  amounts  to  £4,000,000  annually,  whilst,  according  to  the 
Chairman  of  the  Air-Pollution  Board  appointed  by  the  Manchester 
Corporation  in  1912,  the  measurable  damage  done  in  Manchester 
and  Salford  by  smoke  amounts  to  nearly  ^£^,000,000  per  annum, 
in  addition  to  the  immeasurable  evil  effects  of  smoke  and  fog  upon 
public  health.^    Also,  it  must  be  remembered  that,  besides  the 
direct  damage  to  buildings  and  public  health,  the  smoke  cloud 
which  hangs  over  our  lai^e  industrial  areas  greatly  reduces  the 
amount  of  available  sunlight,  at  times  by  as  much  as  50  per  cent., 
and  that  the  baneful  effects  of  such  reduction  upon  vegetation 
and  human  health,  especially  that  of  children,  are  very  serious. 
Thus  in  the  course  of  an  investigation  carried  out  by  Dr.  G.  H. 
Bailey  and  others  at  the  Owens  College,  Manchester,  during  the 
years  188&-90,  at  the  instance  of  the  Manchester  Field  Natur- 
alists Society,  it  was  found  that  throughout  a  continuous  period 
of  twelve  months  the  inhabitants  of  the  Hulme  district,  a  typical 
artizan  area  within  the  city,  received  only  50  per  cent,  of  the 

^  Report  of  Discussion  upon  Smoke  Abatement  and  Air  Pollution  at  the 
British  Association  (Manchester),  1915.  B,A.  Reports,  1915,  p.  387;  also 
Report  of  the  Sanitary  Committee  of  the  City  of  Manchester  on  Air  PolluHon, 
April  1915. 
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actinic  rays  of  sunUght  which  fell  on  the  more  favoured  dwrOm 
in  the  suburban  district  of  Didsbury  sume  four  miles  aasy 
Also,  that  during  three  days  of  a  dense  M-inter  fog  no  less  itiit 
075  ton  of  soot  and  i  -5  cwt.  of  sulphuric  acid  fell  on  every  squia 
mile  within  the  industrial  area  of  Manchester. 

According  to  subsequent  experiments  carried  out  in  hteat 
by  Professor  J.  B.  Cohen  and  Mr.  A,  (j,  Ruston  in  1907,  no  fcss 
than  450  tons  of  soot  fall  per  square  mile  per  annum  in  the  io 
dustrial  area  of  Hunslet.  whilst  over  another  city  area  of  16  squart 
miles  the  amount  averages  220  tons  per  square  mile  per  aniium: 
it  was  estimated  that  the  pall  of  smoke  which  continually  b^j 
over  Leeds  absorbs  as  much  as  40  per  cent,  of  the  total  dayligli- 
during  the  year, 

Mr.  A.  G.  Ruston  of  Leeds  University  reported  to  the  British 
Association  in  1915  (/oc.  cU.)  that,  in  regard  to  the  damage  donr 
to  vegetation  in  the  Leeds  area,  not  only  do  plants  suffer  (rgm 
this  general  reduction  of  sunlight,  but  (he  black  dcptjsit  upon  tijr 
leaves  still  further  hinders  the  sunlight  from  getting  into  conia/A 
with  the  green  colouring  matter  of  the  leaf,  while  the  acid.' 
present  in  the  smoke  damage  its  strurture  and  hasten  its  fall 
Damage  is  also  done  to  the  roots  of  plants,  especially  Ihuc 
possessing  few  root-hairs  or  fibrous  roots.  Moreover,  the  add 
rain  falling  on  the  soil  limits  the  activity  of  the  bacteria,  and 
especially  of  the  most  useful  nitrifying  organisms  in  it.  It  ba 
also  recently  been  found  that  the  enzymes  or  fennents  which  br 
mainly  responsible  for  the  chemical  changes  taking  plac«  in  Ik 
plant  are  inhibited  by  smoke  pollution.  This  causes  a  distinct 
cutting  down  of  the  intensity  of  colour  in  the  plants,  and  aba 
handicaps  them  tn  forming  any  reserves,  either  in  the  fonn  ol 
bulbs  or  seed,  and  considerably  reduces  the  germination  capadty 
and  energy  of  seeds,  thus  generally  lowering  the  vitality  of  plant) 
and  preventing  them  from  putting  up  a  fight  against  advene 
conditions. 


Paruahehtary  Enquiries  asu  i< 

The  baneful  effects  of  smoke  in  cities  has 
ever  since  the  use  of  raw  coal  as  a  domes 
Thus  we  find  the  citizens  of  London  as  long 
Parliament  against  the  importation  of 
because  of  the  smoke  nuisance  created  by 
the  petition  failed,  it  is  said  that  some  tin 
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clamation  was  issued  forbidding  the  burning  of  coal  whilst 
Parliament  was  sitting.^ 

At  various  times  during  the  nineteenth  century  Select  Com- 
mittees of  the  House  of  Conmions  were  appointed  to  enquire  into 
the  smoke  nuisance  with  a  view  to  legislative  enactments  for  its 
abatement.  The  first  of  these  reported  in  1819,  but  apparently 
nothing  in  the  way  of  legislation  resulted  from  its  labours.  The 
question  remained  in  this  unsatisfactory  state  until  1843,  when 
a  second  Committee  took  it  in  hand  again  and  reported  that, 
while  the  time  was  ripe  for  the  enactment  in  the  public  interest 
of  a  law  requiring  the  owners  of  stationary  steam  engines  to  abate 
"  the  issue  of  opaque  smoke  "  from  their  chimneys,  it  was  un- 
desirable to  include  metallurgical  furnaces  in  the  suggested 
Bill. 

The  publication  of  this  second  Report  led  the  Government  of 
that  day  to  appoint  Sir  Thomas  de  la  Beche  and  Dr.  Lyon  Playf  air 
to  investigate  the  matter  from  a  scientific  standpoint.  But  even 
their  reconunendation  (1846)  of  the  imposition  of  a  fine  "  when 
the  emission  of  smoke  is  due  to  the  carelessness  of  those  entrusted 
with  the  management  of  the  furnaces  "  led  to  no  more  effective 
action  beyond  the  sanction  in  several  Local  Improvement  Bills  of 
Clauses  dealing  with  smoke  abatement. 

In  1855  another  detailed  Report  was  made  to  the  Government, 
this  time  by  the  General  Board  of  Health,  which  included,  in 
addition  to  much  sound  advice,  the  opinion  "  that  notwithstand- 
ing the  great  and  obvious  advantage  of  perfecting  the  combustion 
of  fuel,  and  the  certainty  that  the  cost  of  doing  so  will  be  amply 
repaid  by  the  saving  effected,  such  is  the  indisposition  of  practical 
men  to  depart  from  the  beaten  track,  that  nothing  but  the  force 
of  law  is  likely  to  ensure  the  care  and  attention  necessary  to 
protect  the  public  from  a  grievous  nuisance,  the  manufacturers 
themselves  from  heavy  unnecessary  expense,  and  the  national 
resources  from  grievous  waste  of  fuel  to  the  amount  of  millions 
a  year." 

So  ingrained  and  persistent,  however,  was  the  laisser-faire 
attitude  of  the  Governments  of  those  days  in  regard  to  legislative 
interference  with  industry,  even  when  the  clearest  case  had  been 
established  for  such  action  in  the  public  interest,  that  it  was  not 

^  See  Smoke  Abatement,  by  William  Nicholson,  Chief  Smoke  Inspector 
to  the  Sheffield  Corporation  (Griffin  &  Co.,  1905),  p.  18,  a  manual  which 
admirably  summarises  the  history  of  legislation  in  this  and  other  countries 
against  the  smoke  nuisance,  and  to  which  the  reader  is  referred  for  further 
details  than  can  be  given  in  this  chapter. 
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until  the  passing  of  the  Public  Health  Act  in  1875  that  any 
special  law  was  enacted  to  enforce  some  mitigation  of  the  more 
flagrant  aspects  of  the  smoke  nuisance.    Sections  91  to  108 
inclusive  of  that  Act  made  the  emission  of  black  smoke  from  any 
chimney  (not  being  the  chimney  of  a  private  dwelling-house) 
"  in  such  quantity  as  to  be  a  nuisance  "  one  of  the  nuisances 
"  liable  to  be  dealt  with  summarily  in  manner  provided  by  this 
Act/'  and  so  far  as  general  legislation  is  concerned,  this  is  the 
only  Act  of  Parliament  under  which  fines  for  the  emission  of 
smoke  can  be  levied.    Some  of  the  larger  municipalities,^  however, 
have  got  special  provisions  in  their  local  Acts  and  Bye-laws  for 
the  abatement  of  the  smoke  nuisance,  but  it  is  to  be  feared 
that  public  opinion  on  the  subject  has  been,  in  most  cases,  so 
apathetic  that  the  powers  thus  conferred  are  too  sparingly  and 
haltingly  used.    In  1914  the  Local  Government  Board  appointed 
a  Departmental  Committee  to  review  the  whole  question  of  Smoke 
Abatement  in  the  Ught  of  recent  research,  but,  imfortunately, 
its  meetings  were  suspended  soon  after  the  outbreak  of  the  war. 

Recent  Investigations  by  Public  Bodies 

The  recent  appointment  (1912)  by  the  Corporation  of 
Manchester  of  an  Air-PoUution  Board  composed  of  public  men, 
manufacturers,  and  scientific  experts,  to  investigate  with  the 
object  of  propaganda  and  research  instead  of  the  older  method 
of  prosecutions  may  be  welcomed  as  a  sign  that  in  the  near 
future  public  bodies  will  take  up  the  matter  anew  on  better 
lines. 

The  Manchester  Board  has  set  itself  to  tackle  the  question  of 
the  reduction  of  domestic  smoke  by  laboratory  research  in  the 
belief  that  much  remains  to  be  done  in  the  direction  of  improve- 
ments in  coal  and  coke  fires,  gas  fires,  and  by  developing  the  use 
of  semi-coked  coal.  As  regards  factory  smoke,  the  view  taken 
by  the  Board  is  that  the  chief  problems  are  the  design  of 
mechanical  stokers  and  the  supply  of  air  at  the  correct  point 
to  ensure  smokeless  combustion,  and  that  they  can  only  be  solved 
by  large-scale  experiments  carried  out  either  by,  or  in  conjunction 
with,  manufacturers. 

The  Health  Committee  of  the  City  of  Sheffield  has,  in  con- 
junction with  the  University,  recently  (1914-15)  undertaken 

^  E,g,  London  (1891),  Edinburgh  (1879  and  1892),  Glasgow  (1892), 
Manchester  (1882),  Salford  (1862).  Leeds  (1866),  Sheffield  (1900),  and 
Bolton  (1872). 
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■*-t*erimental  work  extending  over  twelve  months,  on  the  distri- 
>tatioii  of  smoke  in  various  areas  within  the  city  (manufacturing 
VTk^d  T«sidential),  the  result  of  which  has  indicated  that  the  amount 
^f  pollution  in  the  Attercliffe  industrial  area  in  the  east  end  of 
the  city,  where  the  aimament  works  are  situated,  is  ronghly 
3-l>c>ut  twice  as  great  as  in  three  other  areas  situated,  respectively, 
ISl.I^.W.,  W.  and  S.  of  the  centre  of  the  city.  It  is  also  stated 
l>y  Professor  W.  P.  Wynne,  who  directed  the  work,  that  if  an 
opinion  as  to  the  contribution  of  house  fires  to  tlie  pollution  of 
"tile  atmosphere  may  be  based  on  the  proportion  of  tar  and 
axnznonia  collected  by  the  rain,  no  difference  could  be  traced 
l>etween  the  values  for  the  simuner  and  the  winter  six  months. 

Menrion  should  also  be  made  of  the  work  of  the  Coal  Smoke 
Abatement  Society  formed  in  London  in  the  year  1898,  which 
mainly  deals  with  the  matter  as  it  affects  the  Metropolis.  There 
is  good  reason  for  the  belief  that  in  recent  years  black  fogs  have 
been  decidedly  less  prevalent  in  London  than  formerly,  a  circum- 
stance which  is  probably  partly  due  to  improved  domestic  fire- 
grates, and  partly  also  to  the  growing  and  now  very  considerable 
use  of  gas  fires  in  the  residential  areas. 


The  Nature  and  Composition  op  Smoke 
In  order  that  the  reader  may  rightly  understand  something  of 
the  relative  harmfulness  of  domestic  and  factory  smoke,  respec- 
tively, as  contributory  factors  to  the  general  smoke  nuisance, 
about  which  diverse  opinions  have  been  expressed,  it  is  necessary 
to  discuss  the  nature  and  composition  of  each,  as  revealed  by 
xecent  chemical  investigation. 

Speaking  generally,  coal  smoke  consists  essentially  of  carbon, 

tairy  hydrocarbons,  ammonium  salts,  and  mineral  matter  (ash), 

^jld  it  frequently  has  an  acid  character.     But  the  soot  deposited 

"    ,  or  emitted  by,  chimneys  varies  considerably  in  character  and 

sitioft,  according  to  the  circumstances  under  which  the 

I  burnt,  and  the  height  of  the  chimney  stack,  and,  in  the 

I  boilers,  the  distance  o£  the  latter  from  the  furnace. 

10 te -producing  constituents  of  coal  are  chiefly  those 

npose  at  comparatively  low  temperatures,  and  black 

~i  is  always  a  sign  of  incomplete  combustion,  is  pro- 

;  deslnicli\e  distillation  of  the  more  volatile  portions 

Substance.     ThedlKt  heat  loss  occasioned  by  smoke, 

t  due  to  the  ^^Hit  gases  associated  with  it,  is 
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tisually  not  so  considerable  as  is  sometimes  thought,  and  with  good 
coals  and  careful  firing  need  not  exceed  5  per  cent.,  but  with  soft 
coal  and  under  bad  conditions,  it  sometimes  amounts  to  over  10 
and  even  as  much  as  20  per  cent,  of  the  total  heat  of  combustion 
of  the  coal  (vide  Tables  XLVIII  and  L  in  Chapter  XI). 

We  are  indebted  to  the  researches  of  Professor  J.  B.  Cohen  and 
Mr.  A.  G.  Ruston  of  the  University  of  Leeds  for  perhaps  the  most 
complete  chemical  examination  yet  published  of  the  soot  pro- 
duced from  a  typical  British  bituminous  coal  when  burnt  imder 
different  conditions.^ 

The  following  analyses,  taken  from  their  papers,  show  veiy 
clearly  how  the  composition  of  the  soot  from  a  given  coal  varies 
not  only  according  to  whether  it  is  burnt  in  an  ordinary  domestic 
grate  or  at  the  higher  temperature  of  a  boiler  furnace  caused  by 
the  stronger  draught  of  a  chimney  no  ft.  high,  but  also,  in  the 
latter  case,  according  to  the  distance  up  the  chimney : — 


TABLE  LVIII 
Analysbs  of  Soot 


Coal. 

Domestic 
Soot. 

Soot  from  a  Boiler  Chimney. 

At  Base. 

70  ft.  up. 

Top  no  ft. 

Carbon 
Hydrogen 
Nitrogen  ■ 
Sulphur    . 
Chlorine   . 
Tar     .     . 
Ash     .     . 
Acidity 

4 

6930 
489 

1-39 
1-74 
0-27 
1*64 
848 

O'OO 

4050 

4-37 
409 

299 

519 

25-91 
1816 

0-37 

16-66 
0-86 
nil 
2*07 

O'll 

0*09 

75-04 
1-33 

2i*8o 

1-44 
i-i8 

2-58 

1*46 

o-8o 

66*04 

058 

27*00 
1-68 

1*21 
2-84 

i*6o 

1-66 

6i-8o 

0*56 

The  chief  points  to  be  observed  in  regard  to  these  analyses 
are,  first  of  all,  the  marked  difference  between  the  composition 
of  domestic  and  factory  soot,  and  secondly,  the  variations  in  the 
latter  as  the  chimney  is  ascended.  The  domestic  soot  contained 
about  twice  as  much  carbon,  twenty  times  as  much  tar,  nearly 
four  times  as  much  nitrogen  (ammonium)  compounds,  but  only  a 
fourth  of  the  ash,  found  in  the  boiler  soot,  whilst  in  the  case  of 

*  Nature,  Oct.  14,  1909;  Journal  of  Gas  Lighting,  Nov.  30.  1909;  and 
Journ.  Sec.  Chem.  Ind.,  1911,  p.  1360;  also  their  book  on  Smoke  and 
Town  Air  (Ed.  Arnold,  London). 

*  The  nitrogen  in  soot  is  chiefly  in  the  form  of  ammonium  chloride  and 
sulphate. 
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the  latter,  the  carbon  and  nitrogen  contents  increased,  and  the 
proportion  of  ash  diminished,  as  the  chimney  was  ascended.  All 
this  points  to  the  coal  having  been  less  completely  burnt  in  the 
domestic  grate,  whilst  in  the  presiunably  hotter  boiler  chimney 
there  was  less  opportunity  for  the  more  volatile  constituents  of 
the  smoke  to  condense.  The  stronger  draught  of  the  boiler 
chimney  caused  more  of  the  ashes  of  the  coal  to  be  carried  over 
mechanically  with  the  smoke,  and  the  heavier  mineral  matter  was 
deposited  sooner  in  the  flues  than  the  lighter  carbon.  The  com- 
position of  "  domestic  "  soot  from  a  given  coal  is  also  Uable  to 
considerable  variation,  according  as  to  whether  it  is  burnt  in  an 
ordinary  open  sitting-room  grate,  or  at  the  higher  temperature 
and  in  the  increased  draught  of  a  kitchen  range,  as  the  following 
analyses  indicate : — 


TABLE  LIX 

Pbrcbntagb  Composition  or  Soot  from  a  Coal  burnt  in 

Domestic  Firbs 


Coal. 

Soot  from 

Kitchen 

Chimney. 

Soot  from  Dining-room  Chimney. 

5  ft.  up. 

20  ft.  up. 

35  ft.  up. 

Carbon 
Hydrogen 
Nitrogen  . 
Sulphnr    . 
Chlorine  . 
Tar     .     , 
Ash     .     . 
Acidity 

i 

76-80 
4*90 
1-72 
079 
0*25 
0-88 
i'8o 

O'OO 

523 

3-7 
411 

2*20 

1-35 

I2'5 

17.8 

0-28 

365 
3-5 
6-89 

2-l8 

907 
34-9 
509 
0*92 

34-1 

3-5 
6-04 

2-56 

6*41 

37-2 

4-97 

0-55 

37-2 
3-5 
505 

2-45 
496 
40-4 

4-94 
0*92 

With  regard  to  the  total  amount  of  "  domestic  "  soot  produced, 
Cohen  and  Ruston,  on  the  basis  of  analyses  made  by  the  late  Sir 
W.  Roberts-Austen  for  the  London  Smoke  Abatement  Exhibition 
in  1884,  estimate  it  as  equivalent  to  a  loss  of  not  less  than  6-o 
per  cent,  of  the  carbon  of  the  coal  burnt  in  domestic  fireplaces 
throughout  the  Kingdom.  This  on  an  annual  domestic  con- 
sumption of  36  million  tons  would  be  equivalent  to  nearly 
2  million  tons  of  carbon  per  annmn,  and  assuming  domestic  soot 
to  contain  on  an  average  60  per  cent,  of  carbon  (in  the  free  state 
and  as  tar),  the  total  weight  of  domestic  soot  produced  would  be 
about  3-3  million  tons  annually. 

With  regard  to  "  factory  "  soot,  the  percentage  loss  of  carbon 
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of  the  coal  burnt  is  probably  very  much  smaller  than  m  the 
"  domestic  "  case.  According  to  Scheurer-Kestner's  researches, 
the  fuel  loss  due  to  the  production  of  soot  from  boiler  furnaces 
never  exceeds  i  per  cent,  of  the  carbon  burnt,  but  in  Constam  and 
Schlapfer's  more  recent  Zurich  trials  (see  Chapter  XI.,  Table  L), 
the  loss  of  heat  in  "  smoke  "  (apart  from  "  unbumt  gases  ")  was 
never  less  than  ii  per  cent.,  and  in  exceptionally  bad  cases  rose  to 
as  much  as  even  5  per  cent.  We  should  be  inclined  to  put  it 
down  at  about  2  per  cent,  with  hand-fired,  and  at  i  per  cent,  for 
mechanically  stoked  boilers,  with,  say,  an  all-round  average  of 
1-5  per  cent.  So  that  on  an  assmned  annual "  factory  "  consump- 
tion of  100  miUion  tons,  the  heat  loss  due  to  "  smoke,"  apart  from 
"  unbumt  gases  "  might  be  estimated  as  equivalent  to  1*5  million 
tons  of  coal  per  annum.  Now,  seeing  that  factory  soot  probably 
contains  on  an  average  about  25  per  cent,  of  carbon,  the  total 
weight  of  soot  and  smoke  produced  in  factory  chimneys  through- 
out the  Kingdom  may  be  put  down  as  approximately  6  million 
tons  per  annum. 

From  such  data  it  seems  reasonable  to  suppose  that  the  total 
weight  of  "factory"  smoke  and  soot  produced  from  the  coal 
burnt  in  the  Kingdom  is  about  twice  as  great  as  the  correspond- 
ing amount  of  "  domestic  "  smoke  and  soot,  although  there  is 
probably  no  greajt  difference  between  the  corresponding  fuel  or 
heat  losses.  But  in  comparing  the  relative  damage  done  by  the 
two  kinds  of  smoke  it  must  be  remembered  (i)  that,  on  account 
of  its  very  much  greater  tarry  content,  "  domestic  "  soot  will 
adhere  much  more  tenaciously  to  anything  on  which  it  falls, 
and  will  therefore  not  be  nearly  so  easily  removed  by  wind  and 
rain  as  "factory"  soot;  and  (2)  that  the  proportionate  effect  of 
domestic  smoke  is  presumably  much  greater  in  the  winter  than 
in  the  summer.  Consequently,  weight  for  weight,  domestic 
smoke  is  undoubtedly  the  more  pernicious  of  the  two  in  regard 
to  its  direct  effects  upon  human  and  vegetable  life  and  health, 
and  in  densely  populated  city  or  industrial  areas  the  combined 
effects  of  the  two  must  be  very  disastrous. 

Messrs.  Cohen  and  Ruston  have  reported  that  the  average 
deposit  of  soot  over  the  whole  of  Leeds  amounts  to  at  least  220 
tons  per  square  mile  per  anniun ;  some  idea  of  how  this  varies 
as  between  the  different  industrial  and  residential  areas  in  the 
city  may  be  gained  from  the  following  estimation  of  the  average 
deposits  of  tar  in  each  of  six  representative  areas  during  two 
quarterly  periods  in  1910. 
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TABLE  LX 


Distnct. 

Deposit  of  Tar  in  Milli- 
grams  per  Square  Foot. 

Deposit  of  Tar 
per  Annum 
m  Cwts.  per 
Square  Mile. 

March  to 
June. 

June  to 
September. 

z.  Honslet ...     .     .     . 

2.  Kirkstall      .... 

3.  Philosophical  Hall .     . 

4.  Headingley  .... 

5.  Observatory      .     .     . 

6.  Roundhay    .... 

52-6 
26*2 
26*4 

"•3 
15-4 

2*0 

46-5 
311 
30-4 

I7'2 

9'0 

2*1 

no 

27 
3a 
4-5 

By  far  the  most  polluted  part  of  Leeds  was  Hunslet,  a  big 
industrial  area  to  the  south  of  the  city,  thickly  populated  with 
the  artisan  classes;  next  to  that,  but  only  half  as  bad,  came 
Kirkstall,  a  residential  district  in  a  valley  to  the  W.N.W. 
containing  a  well-known  iron  works  and  other  industrial  estab- 
lishments. Probably,  however,  the  unfavourable  conditions 
apparently  prevailing  here  are  partly  due  to  the  effects  of  smoke 
which  drifts  up  the  valley  from  the  other  industrial  districts  in 
the  S.  and  S.E.  of  Leeds.  The  Philosophical  Hall  is  situated 
in  the  main  commercial  and  shopping  area  in  almost  the  centre  of 
the  city.  Headingley  is  a  residential  suburb  situated  on  a  high 
ridge  some  3  miles  to  the  N.W.  of  the  centre  of  the  city,  whilst 
the  Observatory  lies  on  Woodhouse  Moor,  a  large  open  space 
about  midway  between  the  Philosophical  Hal}  and  Headingley. 
The  district  of  Roundhay  is  a  purely  residential  area  with  a  fine 
park,  situated  on  high  open  land,  450  ft.  above  sea  level,  3J 
miles  to  the  N.E.  of  the  centre  of  the  city.  The  prevailing  N.W. 
winds  here  blow  straight  from  the  Yorkshire  hills  and  moor- 
lands, and  the  air  is  usually  clear  and  bracing.  The  pollution 
here  is  only  one  twenty-fourth  of  that  in  the  much  lower  lying 
Hunslet  area  only  4  miles  south  of  it. 


Damage  done  to  Vegetation  by  Smoke 

How  evil  are  the  effects  of  the  cloud  of  smoke  continually 

hanging  over  such  an  area  in  limiting  the  growth  of  plants  may 

be  judged  from  the  following  table  of  results  obtained  by  Cohen 

and  Ruston  in  regard  to  (i)  the  relative  assimilation  of  carbon 

dioxide  by  laurel  leaves,  and  (2)  the  relative  total  weights  of 
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lettuce  crops  grown  in  different  areas,  on  the  same  soil  and  under 
the  same  general  conditions  except  as  regards  atmospheric 
conditions : — 


TABLE  LXI 


District. 

Position  in 

Relation  to 

Centre  of 

City. 

Relative 

Assimilating 

Power  of 

Laurel  Leaves. 

Relative 

Weight  of 

Lettuce 

Crops. 

Weetwood  Lane       .     . 
Headingley   .... 
University     .... 
City  Square  and  Park 
Square       .... 
Hunslet 

2I  miles  N. 

i{  miles  N. 

I  mile  N. 

Central 
South 

100 

53 
42 

12 
nil 

140 
120 
104 

56 
44 

Soot  as  a  Fertiliser 

The  value  of  soot  to  the  farmer  depends  partly  upon  its 
ph5rsical  effects  upon  the  soil  and  partly  upon  its  content  of 
ammonium  salts  and  sulphur  compounds.  It  is  largely  used 
as  a  top  dressing  for  wheat  in  the  early  months  of  the  year.  The  , 
dead  black  colour  of  soot  makes  it  a  good  absorbent  of  solar 
radiations,  so  that  the  soil  which  has  been  treated  with  it  is  kept 
perceptibly  warmer  than  untreated  land,  whilst  the  ammonium 
compoimds  present  in  the  soot  are  valuable  fertilisers,  and  the 
sulphur  compounds  in  it  are  very  effective  in  preventing  the 
ravages  of  slugs  and  snails.  Domestic  soot,  which  contains  a 
very  much  higher  proportion  of  ammonium  salts,  has  a  greater 
fertilising  value  than  "  factory  "  soot,  whilst  its  higher  carbon 
content  also  implies  a  greater  heat  absorbent  power. 


The  Possible  Abolition  of  Smoke 

Whilst  improved  furnaces  and  fireplaces,  together  with  a 
better  system  of  smoke  inspection  might  do  much  to  abate  the 
present  smoke  nuisance,  the  evil  thing  will  never  be  finally 
abolished  so  long  as  raw  bituminous  coal  in  its  present  fonn 
continues  to  be  used  as  a  fuel.  Fortunately  for  mankind,  the 
rapid  development  of  Science,  even  with  our  present  state  of 
knowledge  and  experience,  encourages  the  hope  that  the  day  is 
not  far  distant  when  serious  atmospheric  pollution  by  smoke  vnH 
have  become  a  thing  of  the  past,  and  that  future  generatiom 
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I  STO'w?'  vxp  in  our  cities  amid  much  healthier  and  less  depress- 
smrroixndings.  The  present  sordid  ugliness  of  our  lai^e 
l*istx\al  areas,  lai^ly  caused  as  it  is  by  the  pall  of  smoke 
iicla  continually  hai^  over  them,  is  a  standing  reproach  to 
i^  na.\iozial  economy,  and  we  pay  an  appalling  price  for  it  both 
<iirect  loss  and  damage  and  even  more  so  in  physical  lowering 
-  'vxtaXity  and  depression  of  spirits.  There  are  in  Great  Britain, 
*^rtia.p»s^  few  dangers  to  the  health  and  well-being  of  men  more 
•Tii'vexsaJ,  insidious,  and  serious  than  those  due,  directly  and 
ndii-ectly,  to  this  widespread  nuisance,  and  few  more  appealing 
:^i^\&  to  Science  than  to  assist  in  the  amelioration  and  abohtion 
3f   its  efiects. 

Tlae  hope  of  finally  ridding  ourselves  of  the  evil  lies  mainly  in 
three  directions,  all  of  which  are  either  now  quite  practicable,  or 
'wll  shortly  become  so.    The  first  is  a  wider  extension  of  the 
use   of  gaseous  fuels  for  heating  purposes,  and  all  investigators 
'*mIio     are    in    any   way  increasing  the    efficiency    of   gaseous 
combustion,    or    facihtating    the    generation    and    appUcation 
of    gas,  are  undoubtedly   helping  to  slay  the  smoke   dragon. 
The  second  is  a  much  wider  adoption  of  electricity  as  a  morive 
power,  a  prospect  which  is  not  only  within  sight,  but  if  realised 
would  almost  revolutionise  industrial  Eni^and.^    The  third  lies 
in  the  direction  of  making  and  distributing  some  form  of  semi- 
carbonised  coal  as  a  smokeless  domestic  fuel  at  a  price  which 
will  not  exceed  that  of  raw  coal,  and  this  is  a  problem  whose 
solurion  is  now  exercising  the  minds  of  many  able  investigators. 
We  may  certainly  look  forward  with  confidence  to  the  time  when 
the  barbarous  use  of  coal  as  a  direct  heating  or  power  agent,  with 
its  attendant  smoke,  will  practically  have  ceased  in  all  civilised 


CHAPTER  XIV 

GENERAL  CONSIDERATIONS  RELATING  TO  THE  USE  OF  GASEOUS 

FUELS  DERIVED  FROM  COAL 

All  experience  has  shown  that  the  most  economical  way  of 
burning  any  fuel  is  in  as  finely  a  divided  state  as  possible,  and 
when  intimately  mixed  with  as  nearly  the  theoretical  quantity 
of  air  as  circumstances  permit.  The  ideal  conditions  for  efficient 
combustion  are  realised  when  a  homogeneous  mixture  of  some 
gaseous  fuel  with  just  the  theoretical  quantity  of  air  required  for 
its  complete  combustion  is  burnt  in  any  manner  easy  of  control, 
and  especially  (as  in  Surface  Combustion,  q,v.)  if  the  combustion 
is  accelerated  by  contact  with  an  incandescent  surface  of  a 
sufficiently  refractory  character. 

The  chief  advantages  of  gaseous  over  other  forms  of  fuels  are, 
(i)  that  they  may  be  generated  and  distributed  in  bulk  from  a 
given  centre  and  supplied  to  the  various  places  of  consimiption 
throughout  a  given  area  under  conditions  which  should  ensure 
a  considerable  degree  of  uniformity  as  regards  quality  and  pres- 
sure af^any  particular  point ;  (2)  that  they  may  be  burnt  under 
the  ideal  conditions  referred  to  in  the  previous  paragraph,  or 
with  such  a  minimum  excess  of  air  as  may  be  considered  as 
approximating  thereto ;  (3)  that  the  flow  of  the  combustible  is 
so  amenable  to  control  that  it  may  instantly  be  varied  at  will, 
or  even  entirely  checked,  in  response  to  the  requirements  of  a 
particular  heating  operation;  (4)  that  the  use  of  gaseous  fuels 
is,  or  should  be,  perfectly  clear  and  smokeless;  and  (5)  that 
gaseous  fuels  are,  or  may  be  proved  to  be,  better  adapted  than 
others  to  the  requirements  of  heat  "  recuperative "  or  "  re- 
generative" sj^tems,  the  adoption  of  which  in  large  scale 
operations  is  essential  to  economy  and  the  attainment  of  the 
highest  temperatures. 

Fortunately  for  civilisation,  coal  may  be  partially  or  completely 

"  gasified  "  in  a  variety  of  ways,  which,  either  separately  or  in 

Me  combination,  have  so  far  proved  equal  to  meeting  nearly 
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requirements  of  our  highly  developed  industrial  system. 
****^*_  every  year  brings  with  it  some  new  develoiMDent  in 
eration  or  application  of  the  gaseous  fuels  derived  from 
mcli  adds  in  some  way  or  other  to  their  energy  or  service- 
»s.  Hence,  there  seems  no  reason  to  doubt  but  that 
g  as  fx>al  is  available,  human  knowledge  and  ingenuity 
e  able  to  get  from  it  the  right  kind  of  gaseous  fuel 
.^y  industrial  requirement  within  the  limits  imposed  by 
aX  Xavrs  upon  the  efficiencies  and  temperatures  attainable 
such  fuels.  And  even  when  such  temperature  limits  have 
reached,  the  energy  of  the  gas  may,  by  means  of  an  internal 
3UStion  engine  and  a  dynanw,  be  transfonned  into  electric 
gy  which,  in  the  ^^rious  forms  of  arc  furnaces  now  available, 
apable  of  develofMng  temperatures  exceeding  3000°  C. 


tbft  principal  gaseous  fuels  derived  from  coal  are  the  fol- 
ving: — 

Coal  Gas. — Coal,  when  partially  gasified  by  the  thermal  dea>m- 
>sition  oi  its  constituents  at  high  temperatures,  yields  (i)  be- 
seen  zo,ooo  and  13,000  cubic  feet  of  "  coal  gas "  of  gross 
alorific  value  from  550  to  600  B.Th.Us.  per  cubic  foot,  (2)  a 
aries  of  valuable  condensable  by-products  (tar,  benzols,  naph- 
halene,  etc.),  (3)  ammonia  (as  sulphate),  and  finally  {4)  a 
residue  of  coke.  Altogether  seme  33  million  tons  of  coal  are 
□ow  being  annually  carbonised  in  this  way  in  the  kingdom, 
principally  either  for  the  sake  of  the  gas  (as  in  "  gas  works  "), 
or  ior  tW  purpose  of  manufacturing  hard  metallurgical  coke  ^as 
in  the  by-product  coking  industry). 

Water  Gas  and  Producer  Gas.~Co^  or  coke  may  be  wholly 
gasified  in  a  suitable  "  generator,"  either  (i)  by  the  endothermic 
inteT^ction  of  steam  upon  the  incandescent  fuel,  which  must  be 
maintained  in  some  way  at  a  sufficiently  high  temperature 
.thwu^UQut  the  operation,  as  in  the  manufacture  of  "  Water  Gas," 
b  may  be  represented  by  the  equation — 

C-I-OH,  =  CO  +  H,; 

r  the  influence  of  a  combined  air  and  steam  blast 
uidescenf  fuel  be^^^^n  the  manufacture  of  "  Pro- 

n  be  very  cheaply  produced, 
f  large  industrial  furnaces 

ftcture  of  glass  or  steel),  or 
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for  the  generation  of  power  for  factories  by  means  of  internal 
combustion  engines  in  a  central  power  house. 

The  second  method  (2)  is  one  which  has  several  advantages 
from  the  point  of  view  of  national  economy,  namely  (a)  that  it  is 
applicable  to  a  wide  range  of  low-grade  coals,  with  a  large  ash 
content,  the  utilisation  of  which  would  otherwise  be  very  diffi- 
cult ;  and  (b)  that,  with  a  sufficiently  large  proportion  of  steam 
in  the  blast,  it  enables  from  two-thirds  to  three-quarters  of  the 
nitrogen  in  the  fuel  to  be  converted  into  and  recoverabk  as 
anunonium  salts  ("  ammonia-recovery  "  gas-producer  practice). 

Blast  Furnace  Gas. — In  addition  to  the  above-mentioned  gaseous 
fuels,  our  iron  smelting  blast  furnaces,  which  throughout  the 
kingdom  altogether  use  upwards  of  I2|  million  tons  of  coke  per 
annum,  produce  a  large  amount  of  a  low-grade  "  blast-furnace 
gas,"  which  is  nowadays  used  in  iron  and  steel  works  for  power 
and  heating  purposes.     (See  Chapter  XIX.) 

Calorific  Values  of  Gases 

All  the  various  gaseous  fuels  obtainable  from  coal  or  coke 
admixture  whose  combustible  constituents  chiefly  consist  of  one 
or  more  of  the  following,  namely,  hydrogen,  methane,  ethane, 
ethylene,  propylene,  benzene,  and  carbon  monoxide,  the  densities 
and  calorific  values  of  which  are  as  follows : — 

TABLE  LXII 


• 

I 

Molecular 
Weight. 

Density 
Air  =  i*ooo. 

Calorific  Values. 

K.C.Us.  per 
Gram- 
molecule. 

B.Th.Us.  per 

Cub.  Ft.  at 

o*  C.  and 

760  mm. 

GXOM. 

Net 

Grots. 

Net 

Hydrogen   .     . 

H. 

a*oo 

0*06952 

68*4 

57-2 

343-3 

287*2 

Carbon      Mon- 

oxide      .     . 

CO 

28*00 

0*96716 

6C 

\'0 

341-4           1 

Methane 

CH4 

i6*oo 

0-5538 

212*0 

189-5 

1064*0 

951-3 

Ethane . 

C,H, 

30-00 

1*0494 

370-5 

336-9 

i86o*o 

1691*0 

Ethylene     .     . 

C,H. 

28*00 

0*9683 

333-3 

310-9 

1673*0 

1561*0 

Propylene  . 

C,H, 

42*00 

1*36 

492*7 

459-1 

2474-0 

2305*0 

Benzene 

C.H, 

78*00 

~~" 

799.0 

745-4 

^H^^ 

"~^ 

Note. — ^The  density  of  atmospheric  nitrogen  (including  argon,  etc.) 
0*9721,  and  of  carbon  dioxide  b  1*529. 
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ould  be  pointed  out  that  inasmuch  as  the  density  and 
•-  value  of  any  gaseous  mixture  are  additive  properties, 
lay  easily  be  calculated  from  the  known  value  of  its 
e  constituents,  provided  of  course  that  the  proportion  of 
I  the  mixture  has  been  accurately  ascertained  by  chemical 
is. 

ti  regard  to  calorific  values,  it  would  appear  that,  since 
earn  formed  by  the  combustion  of  a  given  gaseous  fuel 
t  be  condensed  at  all  except  at  temperatures  below 
ew  point  of  the  products  as  a  whole,  the  net  figure  is 
er  index  of  its  probable  value  to  a  would-be  consumer 
the  conesponding  gross  one,  although  naturally  the 
of  the  gas  prefers  to  have  the  latter  recognised  as  the 
zT  criterion.  But  if  the  consumer  had  the  option  of  choos- 
between  two  gases  of  the  same  gross  but  different  net 
ric  values,  be  would  rightly  prefer  the  one  with  the  higher 
/alue. 

ther  Factors  which  need  to  he  considered. — But  the  question  of 
mbc  value,  whilst  always  an  important  one,  is  by  no  means 
only  factor  to  be  taken  into  account  in  the  choice  of  a  gaseous 
1  for  a  given  purpose,  and  especially  so  in  regard  to  large  power 
1  furnace  installations.  There  has  been  in  the  past  perhaps 
)  great  a  tendency  to  regard  calorific  value  by  itself  as  the 
ramount  consideration,  to  the  exclusion  of  other  important 
:tors,  such,  for  example,  as  (a)  density,  (6)  the  range  of  explo- 
»lity,  and  the  rates  of  back-firing,  of  mixtures  of  a  given  gas 
id  air,  (c)  flame  temperature  and  combustion  intensity,  and 
!)  the  radiative  power  of  the  flame  produced.  And  as  some 
I  these  functions  depend  in  a  high  degree  upon  chemical  com- 
osition,  it  follows  that  the  latter  ought  always  to  receive  due 
onaderation,  and  to  ignore  it  altogether  would  be  foolishness. 
Co  deal  adequately  with  the  points  just  mentioned  would  take 
ip  a  much  larger  space  than  can  be  allotted  to  them  in  this 
volume,  and  it  is  therefore  not  possible  to  do  more  than  merely 
indicate  why  they  are  so  important. 

No  one  who  intelligently  uses  a  gaseous  fuel  will  be  inclined 
to  deny  the  importance  of  the  density  factor.  Also,  inasmuch 
as  many  types  of  burners  and  furnaces  are  designed  lo  burn 
txplosive  mixtures  of  gas  and  air,  and  seeing  also  that  tlie  de- 
velopment of  flame  presupposes  the  formation  of  such  explosive 
mixtures,  the  manipulation  of  all  appliances  in  wluch  such  mix- 
tures are  used  or  formed  must  be  lai:gely  influenced 
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factors  referred  to  under  {b)  in  the  preceding  paragraph.  These 
have  been  fully  dealt  with  by  the  author  in  his  Report  upon 
Gaseous  Combustion  to  the  Sheffield  Meeting  of  the  British 
Association  in  1910,  and  again  in  his  Presidential  Address  to 
Section  B  at  the  Manchester  Meeting  in  1915.^ 


The  Starting  and  Propagation  of  Flame  through  Explosive 

Gaseous  Mixtures 

The  phenomena  associated  with  the  starting  and  propagatbn 
of  flame  through  an  explosive  gaseous  mixture  are  in  reality  so 
complex  that  it  is  not  always  easy  in  any  particular  case  to 
analyse  all  the  factors  involved,  because  they  vary  so  much,  not 
only  with  the  local  conditions,  such  as  the  place  and  mode  of 
ignition,  or  the  form  and  dimensions  of  the  containing  vessel, 
but  also  according  as  to  whether  the  mixture  is  stagnant,  or 
flowing,  or  in  a  state  of  turbulence. 

Ignition, — In  the  first  place  a  given  explosive  mixture  of  com- 
bustible gas  and  air  must  be  brought  into  a  certain  thennal  (or 
thermo-^lectrical)  condition  before  the  rate  of  combination  of 
its  reactive  constituents  is  sufficient  to  cause  the  chemical  change 
to  become  autogenous,  i,  e.  self-propellent,  a  condition  which 
must  always  be  fulfilled  before  flame  can  appear.  As  soon, 
however,  as  the  rate  of  combination  becomes  such  that  the 
mixture  "self-heats  itself,"  its  temperature  will  very  rapidly 
rise  to  the  point  at  which  flame  appears. 

The  ignition  temperature  of  a  given  explosive  mixture  may  be 
defined  as  that  degree  to  which  it  must  be  raised,  at  least  locally, 
in  order  that  the  chemical  action  becomes  autogenous.  The  real 
ignition  point,  as  thus  defined,  is  not  necessarily  synchronous 
with  the  actual  appearance  of  flame ;  there  may  be,  and  usually 
is,  an  appreciable  "  pre-flame  period/*  and  oiUy  in  the  fastest 
burning  mixtures  is  this  period  negligible. 

The  experimental  determination  of  the  ignition  point  of  an 
explosive  mixture  is  by  no  means  an  easy  matter,  because,  unless 
special  precautions  are  taken  to  prevent  it,  a  sufficient  amount 
of  slow  combustion  may  take  place  during  the  preliminary  heat- 
ing up  of  the  mixture  to  vitiate  the  experiment  and  give  a  blurred 
or  irregular  result.    Either  the  preliminary  heating-up  period 

^  British  Association  Reports  1910,  pp.  469  to  506,  and  1915, 
p.  368. 
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xnade  negligibly  short,  as  when  the  mixture  is  fired  by 
compression,  or  the  combustible  gas  and  air  (or  oxygen) 
i  l>o  separately  heated  to  the  ignition  temperature  before 
vxvg  ^liem  to  mix. 

S.  ]>ixon  and  H.  F.  Coward,  using  an  apparatus  constructed 
>  t:o  slIIcw  of  the  latter  method  being  carried  out,  succeeded 
ydiig^  the  following  ignition  ranges  for  various  combustible 
a  in   air  or  oxygen.^ 


Gas. 
[ydrogen    . 
.^kx\>oxi  monoxide  (moist) 
fetliaiie 


Ignition  Range  *C. 
In  Air.  In  Oxygen. 


E^ropane 

Ethylene 

Acetylene 


580-590' 
644-658* 
650-750' 


542-547'* 
406-440° 


580-590° 
637-658° 
556-700° 
520-630** 

490-570'' 

500-579° 
416-440*" 


It  must  not  be  concluded  from  the  above  that  the  ignition 
txaperature  of  a  given  explosive  mixture  is  not  a  really  well- 
efined  point,  for  when  a  mixture  like  electrolytic  gas  is  fired  by 
diabatic  compression  it  ignites  at  526*"  C.  quite  sharply.    But 
a  ordinary  circumstances  when  a  jet  of  gas  issues  into  an  atmo- 
sphere of  air,  or  when  flowing  streams  of  gas  and  air  intermingle, 
nixing  does  not  occur  regularly,  and  an  appreciable  amount  of 
combination  may  occur  before  the  most  explosive  mixtiure  is 
locally  formed.    Hence  it  is  not  surprising  that  in  Dixon  and 
Coward's  experiments  an  ignition  range,  rather  than  an  ignition 
point,  was  observed.    Their  results,  however,  give  a  fair  idea 
as  to  the  degree  of  temperature  requisite  to  ignite  the  conmioner 
combustible  gases.    Hydrogen  can  be  ignited  both  in  air  and 
oxygen  at  an  appreciably  lower  temperature  than  carbon  mon- 
oxide, and  in  the  paraffin  series  of  hydrocarbons  the  ease  of 
ignition  increases  with  the  mass  of  the  molecule.    Again,  of  the 
three  hydrocarbons  whose  molecules  contain  two  carbon  atoms, 
ethylene   ignites  somewhat  more    readily  than    ethane,   and 
acetylene  the  most  readily  of  all.    In  the  case  of  all  the  hydro- 
carbons examined  (except  acetylene)  the  ignition  range  was 
appreciably  lower  in  oxygen  than  in  air. 
Flame  has  been  well  defined  as  glowing  gas,  and,  so  far  as 


^  Jaurn.  Ckem,  Soc,,  1909  V^  p.  514. 
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terrestrial  conditions  are  concerned,  the  existing  cause  is  chemical 
change  (Smit hells).  The  mechanism  of  the  chemical  phenomena 
associated  with  it  is  exceedingly  complicated  and  need  not  be 
discussed  here ;  it  will  be  sufficient  if  we  discuss  some  of  its  moie 
important  physical  features. 

Limits  of  Inflammability  and  Rates  of  Flame  Propagation 

Mallard  and  Le  Chatelier,  in  their  well-known  researches  upon 
gaseous  explosions,  discovered,  as  long  ago  as  1880/  that  the 
propagation  of  flame  when  a  given  explosive  mixture  is  ignited 
in  a  horizontal  tube  differs  according  to  whether  ignition 
occurs  near  the  open  or  closed  end  of  it.  In  the  first  case  the 
flaoie  was  observed  to  travel  for  some  distance  down  the  tube 
at  a  uniform  slow  velocity,  corresponding  to  what  Mallard  and 
Le  Chatelier  regarded  as  the  true  rate  of  propagation  "  by  con- 
duction." This  period  of  uniform  movement  ("  inflammation  ") 
was  succeeded  by  an  irregular  oscillating  period,  the  flame  swing- 
ing backwards  and  forwards  with  increasing  amplitudes,  and 
finally  either  dying  out  altogether  or  giving  rise  to  a  third  phase 
of  greatly  accelerated  combustion  (in  some  cases  even  "  detona- 
tion ").  When,  however,  such  mixtures  were  ignited  near  the 
dosed  end  of  the  tube,  the  forward  movement  of  the  flame 
was  continuously  (although  not  uniformly)  accelerated,  under 
the  influence  of  reflected  compression  waves,  until  an  intense 
condition  of  violent  explosion  was  set  up. 

According  to  the  recent  investigations  of  Dr.  R.  V.  Wheeler 
and  his  co-workers  at  the  Home  Office  Experimental  Station, 
Eskmeals,  and  particularly  those  upon  mixtures  of  methane  and 
air,  it  would  appear  that  Mallard  and  Le  ChateUer's  interpreta- 
tion of  the  "  initial  uniform  movement "  of  the  flame  as  a  pro- 
pagation from  layer  to  layer  by  conduction  only,  needs  some 
revision.  If  such  a  thing  as  propagation  exclusively  "by 
conduction "  ever  occurs,  it  would  appear  to  be  a  limited 
phenomenon,  obtainable  only  in  tubes  whose  diameter  whilst 
wide  enough  to  prevent  appreciable  cooling  of  the  flame,  is 
sufficiently  narrow  to  suppress  the  influence  of  convection 
currents.  Moreover,  ignition  must  be  either  just  at,  or  within 
one  or  two  centimetres  of,  the  open  end  of  the  tube,  or  other- 
wise, and  particularly  with  the  more  rapidly  moving  flame, 
vibrations  may  be  set  up  from  the  beginning. 

^  AnnaUs  des  Min^s,  8«  Sec.,  Vol.  IV. 
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of  methane  and  air  have  been  more  extensively 
^  ^-YvsLo.  others  in  this  connection,  because  of  their  importance 
tion  "to  the  safety  of  coal  mines ;  a  brief  statement  as  to 
>etv3Ariour  will  perhaps  suffice  to  illustrate  the  chief  points 
icli   attention  need  be  drawn. 

-oxciing  to  Wheeler  the  limits  of  inflammability  for  horizontal 
iga.tioTi  of  flame  in  methane-air  mixtures,  at  atmospheric 
eT^Ltiore  and  pressure,  correspond  to  5-4  and  14-3  per  cent. 
Lane  contents,  respectively.  These  limits  are  somewhat 
cent  for  upward  or  downward  propagation,  owing  either  to 
helpful  or  impeding  influence  of  convection  currents.  The 
ts  for  mixtures  of  other  combustible  gases  with  air  are  also 
■ply  defined,  and  are  also  similarly  affected  by  the  direction 
lame  propagation.  Each  combustible  gas  has  a  well-defined 
ge  of  inflammability  when  mixed  with  air,  which  range  varies 
ording  to  the  nature  of  the  gas,  and  presiunably  also  to  the 
nperature  and  pressure.  Thus  for  hydrogen-air  mixtures  the 
lits  for  horizontal  propagation  of  flame  at  atmospheric  tempera- 
re  and  pressure  correspond  to  10  and  70  per  cent,  hydrogen 
•ntents  respectively. 

Although  all  methane-air  mixtures  develop  an  initial  uniform 
ow  flame  movement  period  when  ignited  at  or  near  the  open 
nd  of  a  horizontal  tube,  neither  its  linear  duration  nor  the  flame 
elocity  is,  according  to  Wheeler's  experiments,  independent  of 
he  diameter  of  the  tube.  The  speed  of  the  flame  during  this 
;>eriod  increases  with  the  diameter  of  the  tube ;  also  the  linear 
duration  of  the  uniform  period  increases  with  both  the  diameter 
and  the  length  of  the  tube  up  to  a  certain  maximiun,  and  for  the 
same  tube  it  varies  with  the  proportion  of  methane  in  the  explo- 
sive mixture,  being  greater  as  the  speed  of  the  flame  diminishes, 
uivtil  with  the  two  "  limiting  "  explosive  mixtures  it  appears  to 
last  almost  indefinitely. 

The  accompanying  curves  (Fig.  30)  show  the  results  of  Wheeler's 
detemiination  of  the  speeds  of  the  initial  uniform  movement 
(.horizontal)  of  flame  through  methane-air  mixtures  at  atmo- 
spheric temperature  and  pressures  in  tubes  of  different  diameters 
(ordinates  =  velocity  in  centimetres  per  second  and  abscissa 
=  percentages  of  methane).    It  is  noteworthy  that  the  flame 
velocity  is  still  considerable  at  either  of  the  two  limits  of  inflam- 
mability instead  of  nearly  approaching  a  zero  value,  as  Mallard 
and  Le  Chatelier  supposed  it  would  do,  and  that  it  reaches  a 
maximum  with  mixtures  containing  from  9*5  to  lo-o  per  cent. 
S  257 


ii  ■^'XUTL  Ti    lie  :iti 


-y=u-  i:;/.'*-e^i»: 


X  > 

^.„       ^       ^ 

:"        /               \          1 

•-    /      /""X      V      ! 

!"          /       \     V 

;           /     ^     \ 

•■        ^  /^^^^^^  ^ 

y^y' \Xv 

•    ^^                VV*;^ 

•  ■'                       .      .           fcr 

*-icreii  ro  Sf.-d'.T:  B  '.<  ti<  Bcid&fa  Association  in  i 
■'  i.-.TXA'.-!  k:y.»i^tof  the  nJodties of  fiame  propagatic 
Uj^  cniil  P<>7v>j  ol  ccf-ijop  dr3«  mowaueiit.  as  well  i 
Ilt;;-.s  <A  ir^iiUdulii;!}-  lor  mixRiies  ol  Tarioos  con 
^^v4  ^ul  air,  s  v<T>'  important  fnxn  a  practical  point 
iikkf:n<ji  apparatus  for  bQiningexpk)siwniixtQiv5<rfga 
want  to  ki^/w  the  speed  of  flame  propagatioo  throe 
mixtures,  not  only  at  ordinary  temperattnes  and  pressi 
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of  a  com^^x  mixtnie  of  vaiiotu  combustible  gases  and  ai 
358 


SEOUS  FUELS  DERIVED  FROM  COAL 

aJ.  oomposition  can  be  determined  by  analysis  (as  for 
^e:-*  003J  gas  and  air),  the  velocity  of  flame  propagation 
csQoixlated  from  the  known  velocities  for  its  simple  com- 
-^-  XJiifortunately,  although  more  than  thirty  years  have 
ci  since  Mallard  and  Le  Chatelier's  work  was  published, 
icessary  data  are  still  wanting  to  answer  such  questions, 
Lny  oxie  who  will  systematically  tackle  the  problem  and 
illy  ^work  it  out  in  detail  will  be  doing  a  real  service  to  the 
sing  industries." 
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iG.  31. — ^Rates  of  Propagation  of  "  Uniform  Movement "  in  Hydrogen- 
Air  Mixtures  (Haward  and  Otagawa). 

Another  point  which  needs  much  further  investigation  in  this 
connection  is  the  accelerating  influence  of  turbulence  upon  both 
the  propagation  of  flame  and  the  intensity  of  combustion  of 
an  explosive  mixture  of  gas  and  air;  indeed,  this  as  yet  but 
little  explored  subject  affords  vast  opportunities  to  the  coming 
generation  of  scientific  workers. 

The  important  question  of  "  flame  temperature  "  in  any  given 
case  of  gaseous  combustion  is  governed  by  several  factors,  such, 
for  instance,  as  the  relation  of  the  heat  capacity  of  the  products, 
and  of  the  energy  directly  radiated  from  the  flame,  to  the  total 
energy  developed  by  combustion,  as  well  as  the  size  of  the  flame 
axvd  the  intensity  of  the  chemical  changes  involved. 
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L  c>f  heatt  radiated  might  be  as  low  as  2  or  3  per  cent. 
Lilt:s  3.i>peared  to  indicate  that  the  radiation  depended 
tlie  si^e  of  the  flame,  as  well  as  on  the  temperature, 
le  p>resexice  of  CO  or  solid  C  when  the  air  was  insufficient 
Lete  combustion." 

cliexnislis  who  have  investigated  the  subject  attribute 
ition  from  non-luminous  flames  to  the  formation  at  the 
of  o€ywibt€sti(m  of  intensely  vibratory  hydrogen-oxygen  or 
monoxide-oxygen  "  complexes  "  which  eventually  give 
iteaxxi  a.nd  carbon  dioxide  molecules.  Thus,  for  example, 
rase  of  a,  hydrogen  flame,  hydrogen  and  oxygen  molecules 
g  \iv  eoUision  may  be  conceived  as  forming,  in  the  first 
:e,  and.  for  an  indefinitely  short  period,  not  steam,  but  a 
DT^  system  of  hydrogen  and  oxygen.  Such  a  system  would, 
:  its  transitory  existence,  emit  a  considerable  amount  of 
vV  e.T\ergy  which  would  not,  therefore,  subsequently  appear 
isible  heat  in  the  products.  Afterwards  would  come  the 
nXioxv  of  steam,  at  first  in  a  vibratory  condition,  until  finally 
ystem  ^vould  rapidly  settle  down  to  a  non-vibratory  state  in 
tv  the  product  would  gradually  lose  its  translatory  energy 
perature)  by  ordinary  cooling  processes,  i,  e.  by  collision 
i  other  molecules  or  with  the  walls  of  the  containing 
el. 

.  very  complete  spectroscopic  analysis  of  the  radiation  from 
erent  flames  was  made  by  Dr.  W.  H.  Julius,  of  Berlin,  in  1890, 
5se  experiments  proved  beyond  doubt  that  the  radiation  is 
lost  wholly  due  to  incipiently  formed  (or  forming)  CO,  and 
0  molecules.  About  the  same  time  Robert  von  Helmholtz 
jasured  the  amount  of  radiation  emitted  by  "  solid "  flames, 
nm.  in  diameter,  burning  hydrogen,  carbon  monoxide,  hydro- 
ibons,  and  coal  gas  respectively.  A  flame  burning  hydrogen 
diated  3  per  cent.,  another  burning  coal-gas  5  per  cent.,  and 
third  burning  carbon  monoxide  8  per  cent,  of  the  total  heat 
f  combustion.  He  also  determined  the  relative  amounts  of 
adiation  'per  litre  of  gas  consumed,  emitted  by  flames  of  given 
ize  burning  various  gases,  the  air  supply  in  each  case  being 
adjusted  so  that  the  flame  was  just  non-luminous,  with  the 
following  results : — 

Gas  Burnt.  Relative  Radiation  per  Litre  of  Gas. 

Hvdrogen    .....       74 
n  monoxide  .         .         .     177 

e      .  ....     327 

e 510 

261 


rrs  sciz  r.-.-    , 


;  .T  Ci.'>.t  ^■-. 


>k-   Dutce?b 


^OVS    FUELS  DERIVED  FROM  COAL 

kat  the  radiating  power  of  a  CO  flame  is,  per  unit 

Lburnt,  2'4  times  that  of  a  hydrogen  flame  of  the 

f  experience  of  steel  workers  is  not  only  seen  to 

I  is  also  very  largely  explained.    This  illustrates 

cientific  invest^ations  can  be  applied  to  the 

f  important  practical  problems,  which  otherwise 

Sin  an  ennpirical  state. 

Flame  Temperature 

\."  flame  temperature  "  is  often  used  very  carelessly 

itific  and  technical  literature,  and  indeed  it  is  difficult 

Eprecise  meaning  to  it.     For,  as  SmitbeUs  ^  has  truly 

\  flames  are  composed  of  thin  films  and  their  external 

dudes  a  large  quantity  of  unbumt  gas,"  and  whilst 

k  of  the  temperature  of  such  a  flame  as  meaning  the 

Ihermal  state  (if  the  burning  film  and  the  included  gas  " 

:  usual  to  mean  the  indication  of  some  thermometiic 

lit  wholly  immersed  in  the  region  of  combustion. 

mpcrature  of  the  flame  from  a  burning  gas  must  presum- 

■e    governed   or  influenced  principally  by  three  factors, 

V    (i)  the  ratio  of  the  thermal  value  of  the  reaction  to 

•rresponding  total  heat  capacity  of  the  products;  (2)  the 

nt  of  eaergy  directly  radiated  from  the  fiame ;  and  possibly 

(3)  the    rapidity  with  which    the    remaining    energy  is 

jformed  into  sensible  heat  of  the  products. 

ne   "  theoretical  flame  temperature  "  has  sometimes  been 

ulated  as  the  ratio  between  the  heat  of  the  reaction  and  the 

-t  capacity  at  ordinary  temperatures  of  the  known  products. 

t  such  a  calculation  is  not  only  based  upon  two  wrong  assump- 

OS,  namely  (i)  that  the  reaction  is  instantaneous  and  the  trans- 

r  of  the  energy  developed  to. the  products  is  adiabatic;  and 

:)  that  the  specific  heats  of  the  products  do  not  increase  with 

he  temperature ;  but  it  also  (3)  ignores  the  fact  that  part  of  the 

energy  developed  by  the  reaction  is  directly  radiated  from  the 

Same. 

Another  misconception  which,  judging  by  the  frequency  with 
which  it  crops  up  in  technical  discussions,  seems  to  be  very 
prevalent  is  that  calorific  value  and  calorific  intensity  necessarily 
rise  or  fall  together.  Thus  it  seems  often  to  be  assumed  that  a 
gas  of  calorific  value,  say,  500  B.Th.Us.  {net)  will  necessarily 
bum  with  a  hotter  flame  and  give  a  higher  temperature  in  a 
>  ^iGdeoa"F]ama,"'nioifo'»DieHoHoryofApplud  Chemistry, VoL  II 
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dioxide,  steam  and  nitrogen),  formed  per  loo  K.C.Us. 
>  ccUs,)  developed  on  combustion  when  the  gas  is  burnt  with 
tHe  theoretical  quantity  of  air,  which  latter  may,  for  the 
^  of  calctdation,  be  considered  as  a.  mixture  of  one  volume 
^exi  vdth  four  volumes  of  nitrogen. 
irattio  of  100,000  calories  to  this  number  K  would  (assuming 
Tectness  of  Holbom  and  Henning's  equations  up  to  2000°  C, 
so  that  all  the  energy  produced  is  adiabatically  transformed 
ensible  heat  of  products)  give  us  a  theoretical  maximum 
flame  temperature,  T^,  above  that  of  the  environment, 
"laTole  by  the  gas  when  burnt  with  the  theoretical  amount 
r,  making  no  allowance  for  the  proportion  of  energy  directly 
ited  away.  And  by  making  a  certain  deduction  (r)  from  the 
.r,  consistent  with  the  actual  measurements  which  have  been 
ve  of  the  radiation  from  flames,  we  can  arrive  at  a  further 
roximate  mean  flame  temperature,  Tj,  which  will  probably 
T\y  represent  the  relative  calorific  intensity  of  the  combustion, 
n  making  such  calculations  the  author  has  assumed  the  sub- 
wtial  accuracy  of  Robert  von  Helmholtz's  measurements  and 
^elusions  regarding  radiations  from  flames,  which  have  already 
en  explained  in  the  preceding  section  of  this  chapter. 


TABLE  LXIII 

ALCULATION   OF  RELATIVE   CALORIFIC  INTENSITIES  OF  GaS-AiR  FlAMES 


Gas. 


Hydrogen     .     . 
Carbon  Monoxide 
Methane .     .     . 
Ethylene      .     . 
Acetylene     .     . 


Net  Cal. 
Value  Cals. 
per  Gram- 
molecule. 


57,200 

68,000 

189.500 

310,900 

298,800 


K 

Cals. 


45-89 
44-64 

50-30 
44-70 

37-38 


Ti  = 


_  XOOfOOO 


K 


2179** 
2238® 
1988** 
2238** 
2675^ 


f 
Cals 


12,000 
24,000 
16,000 
15.000 
I3f200 


T2  = 


_  xoo,ooo-r 


K 


1918* 
1700° 
1670*' 
1900® 
2322® 


The  values  of  T„  as  calculated  on  the  basis  of  the  foregoing 

assumptions,  are  not  very  different  from  those  actually  observed 

by  thermometric  methods  in  the  case  of  gas-air  flames  by  the 

best  workers  in  recent  years.    Thus,  in  1905,  F^ry  observed 

1900°  C.  for  a  hydrogen-air  flame,  2548°  C.  for  an  acetylene-air 

ftame,  and  1871**  C.  for  a  coal-gas-air  flame,  whilst   Messrs. 

White  and  Travers,  in  1902,  gave  1780°  for  a  coal-gas-air  flame. 

It  will  be  seen  that  the  values  of  Tj,  as  above  calculated,  for 
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CHAPTER  XV 
the  carbonisation  industries 

Introductory  :  The  Gas  Industry 

XiXB  coal  carbonised  in  the  United  Kingdom  in  the  year  1916 

axno\uited  to  37*62  million  tons,  or  about  14*7  per  cent,  of  the 

total  output  of  the  mines,  and  187  per  cent,  of  that  portion  of 

lY  vras  consumed  at  home.    Of  this  amount,  17-5  million  tons 

were  dealt  with  in  various  forms  of  retorts  in  gas-works,  principally 

ioT  the  manufacture  of  towns  gas,  whilst  the  remaining  20*1 

miUion  tons  were  used  for  the  production  of  hard  metallurgical 

coke,  which  is  chiefly  used  as  a  blast-furnace    fuel    for   the 

smelting  of  iron. 

The  importance  of  these  carbonising  industries  from  a  national 
point  of  view  is  a  great  and  growing  one.    Upon  the  gas  industry, 
on  the  one  hand,  the  community  depends  for  supplies  of  gas 
suitable,  not  only  for  domestic  and  public  lighting  and  heating, 
but  also,  in  an  increasing  degree,  for  small-scale  industrial  heat- 
ing operations  and  power  purposes;  on  the  other  hand,  the 
future  prosperity  of  our  iron  and  steel  industries  is  bound  up 
with  the  efficiency  and  proper  development  of  the  coking  indus- 
tries.  Also,  we  rely  equally  on  both  branches  of  the  industry 
for  our  entire  supplies  of  benzene,  toluene,  anthracene,  naphtha- 
lene, and  other  coal  tar  products,  which  constitute  the  raw 
materials  for  the  manufacture  of  synthetic  dyes,  drugs,  and 
high  explosives.    Moreover,  at  present  we  obtain  73  per  cent,  of 
our  total  output  of  ammonium  sulphate  by  the  high  temperature 
carbonisation  of  coal. 

In  this  brief  review  it  is  not  proposed  to  enter  into  details 
concerning  either  the  design  or  operation  of  carbonising  plants ; 
and  mi\i  so  many  recent  good  handbooks  on  the  subject  available. 
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pt  as  to  population)  from  the  Board  of  Trade  Returns  for 
itliorised  gas  undertakings,  whether  municipally  or  privately 
i<l,  in  tlie   Kingdom : — 


ia.t:ed  I           Capital  or  Lx>ans. 
*opu-  1 

Million 
Tons 
of  Coal 
Carbon- 
ised. 

Mill.  Cub.  Ft. 
of  Gas. 

Length 
of  Gas 
Main. 
Miles. 

Number 
of  Con- 
sumers. 
Millions. 

^?:^*^^-   1     Authorised. 

Paid  up  or 
Borrowed.  ^ 

Blade. 

Sold. 

35-9     1     71.863,267 
46-0        162,346.673 

35.513.570 
139.727.277 

8.378 
i6'97i 

84.637 
224,517 

77.393 
206.474 

18,967 
39.099 

2*095 
7-103 

Early  History. — ^The  foundation  of  this  huge  industry  dates 

3ack  to  the  inventions  of  William  Murdoch  (born  at  Belton  Mill, 

A.yrshire,  in  1754,  died  in  Birmingham  1839)  ^  ^^^  years  1792-6. 

For  although  during  the  seventeenth  and  eighteenth  centuries 

many  observers  had  found  that  an  inflammable  gas  could  be 

obtained  by  distilling  coal  in  closed  vessels,  it  was  not  until 

Murdoch  carried  out  such  an  operation  in  an  experimental  iron 

retort,  which  he  had  installed  in  the  back  yard  of  his  house  at 

Redruth  in  1792,  and  carried  the  resulting  gas  by  a  pipe  to  a 

burner  fixed  near  the  ceiling  over  a  table  in  one  of  the  rooms  in 

his  house,  that  the  use  of  the  gas  as  an  indoor  illuminant  was 

demonstrated.    In  November  1795,  and  again  in  February  1796, 

Murdoch  operated  a  small  experimental  gas-making  apparatus 

at  the  Neath  Abbey  Ironworks,  in  which  coal  was  distilled  in 

an  iron  retort  provided  with  an  iron  pipe  about  3  ft.  long  at  the 

open  end  of  which  the  issuing  gas  was  burned,  giving  (it  was 

said)  "  a  strong  and  beautiful  light,  which  continued  burning  a 

considerable  time." 

In  1799  Murdoch  was  recalled  from  Redruth  to  the  Soho  Works 

in  Biranngham  of  Messrs.  Boulton  and  Watt  (the  firm  by  whom 

he  was  employed),  and  continuing  his  experiments  there,  he 

installed  an  apparatus  for  the  generation  of  the  new  illuminating 

gas,  which  was  first  publicly  used  in  connection  with  an  outdoor 

illumination  to  celebrate  the  Peace  of  Amiens  in  1802.    In  the 

ioUowmg  year  part  of  the  Soho  factory  was  regularly  Ughted 

by  the  gas.   In  1804  he  put  up  another  apparatus  to  illuminate 

the  residence  of  Mr.  George  Augustus  Lee  in  Manchester,  and  so 

successful  was  the  venture  that  a  few  months  later  the  cotton 
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Xd.cl<lenninster,  and  in  many  other  towns  and  places  of 


p» 


then  employed  in  the  London  gas-works  were  made 
t  ijToxi,  in  several  different  sectional  forms,  but  chiefly: 
'^^k.'rcLllelapiped,  6  to  7  ft.  long,  20  in.  wide,  and  15  in.  high, 
sligli'tly  rounded  angles,  (2)  ellipsoidal,  5^  to  6  ft.  long, 
'a^:3dLs  20  to  25  in.,  minor  axis  10  in.,  and  (3)  semi-cylindrical, 
3  ft:,  long,  18  in.  wide,  and  6  in.  high.  A  number  (up  to  5) 
ciL  retorts  were  set  over  a  fireplace  in  an  oven  heated  by 
::orxil>\istion  of  small  coal.  The  total  niunber  of  retorts  at 
Ive  X^ondon  gas  establishments  in  the  year  1819  amounted 
^00.  £ach  semi-cylindrical  retort  was  charged  with  two 
tiels  of  coal,  the  carbonising  period  being  6,  but  preferably  8, 
irs,  at  a  temperature  described  as  "  cherry-red  heat."  The 
Id  of  gas  obtained  varied  between  8300  and  10,000  cub.  ft. 
r  chaldron  (27  cwt.)  of  coal  (say  between  6150  and  7400  cub.  ft. 
r  ton  of  coal),  according  to  the  duration  of  the  carbonising 
:riod,  whilst  the  weight  of  coal  expended  in  heating  the  retorts 
nciounted  to  about  25  per  cent,  of  that  carbonised.  We  are 
irther  told  that  the  crude  gas  evolved  from  the  retorts  was 
)urified  from  sulphuretted  hydrogen  and  carbonic  acid  by 
wringing  it  "  confined  under  a  pressure  equal  to  a  column  of 
water,  not  less  than  8  or  10  in.  in  height,  into  contact  with 
quicUime,  diffused  through  water." 

The  following  balance  sheet  of  a  full  week's  experimental  run 

oi  an  installation  of  96  semi-cylindrical  retorts,  with  8  hour 

charges,*  at  the  Gas  Light  and  Coke  Company's  Westminster 

Station  early  in  1819  is  of  great  interest  from  many  points  of 

view,  showing  as  it  does,  not  merely  the  yields  obtained,  but 

aiao  the  prices  ruling  in  London  a  century  ago. 

Balance  Sbbbt  for  Gas  Production  in  18x9 


MaUrials  Expmded.  £   5.   d. 

Coal  decomposed :  107 
chaldrons  at  £2 1  is.  6a, 
the  chaldron   .     .     .  275  10    6 

Small  coal:  26  chal- 
drons 27  bushels,  used 
for  fuel,  at  £2  2s.  the 
chaldron    ...     •     56    3    6 


Total 


Products  Obtained.         £     s.     d. 
Coke :   124  chaldrons, 

at  £1  75.  the  chaldron  167    8    o 
Breeze,  or  smaU  coke  : 

4  chaldrons  at  185.  .       3  12    o 
Tar :  8  tons,  at  £6  the 

ton 48    o    o 

Ammoniacal    liquor : 

^945  gsiUs-  at  lid.     .     12     3     1} 
Gas  :  1,070,000  cub.  ft., 

at  155.  the  thousand    802  10    o 

Total    .     .     ;fi033  13     xi 


i^orf:  wmtUa 
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oommonly  used  in  English  laboratories  at  that  time  for 

^with  a  smokeless  flame.    The  arrangement  did  not 

isen  in  the  very  least,  the  flame  was  flickering,  it  was 

^e»    and  the  gas  was  so  much  diluted  with  air  that  the 

^xrijierature  was  greatly  depressed.    He  could  make  a 

which  the  mixtures  of  gas  and  air  would  bum  at  the 

tube  without  any  gauze  whatsoever,  giving  a  steady, 

a^nd  hot  non-luminous  flame,  under  conditions  such  that 

-    oxily  would  bum  without  striking  down  when  the  gas 

y     ^wras  turned  on  full,  but  also  when  the  supply  was 

iislied  until  only  a  minute  flame  was  left.    This  was  a 

ult,   some  thought  an  impossible,  problem  to  solve,  but 

many  fruitless  attempts,   and  many  tedious  trials,   he 

eeded,  and  the  '  Bunsen  burner '  came  to  light." 

1  view  of  the  many  fortunes  which  have  since  been  made 

others  out  of  applying  the  principles  of  Bunsen's  burner  to 

ions  economic  ends,  it  may  be  recalled  that  (to  quote  Roscoe's 

rds  again)  "  the  notion  of  making  money  out  of  his  discoveries, 

of  patenting  any  of  them,  never  entered  into  his  head."  Thus 

IS  the  inestimable  boon  of  this  simple  but  ingenious  atmospheric 

imer  conferred  upon  the  world  as  a  free  gift  by  the  great 

.eidelberg  chemist,  and  it  may  safely  be  said  that  without  it 

.16  gas  industry  would  never  have  attained  its  present  colossal 

aagnitude. 

The  next  discovery  referred  to  was  made  exactly  thirty  years 

later,  also  in  Bunsen's  laboratory  at  Heidelberg,  when  Auer  von 

Welsbach  found  that  the  oxides  of  certain  rare  metals  had  a 

quite  extraordinary  power  of  emitting  light  when  in  a  state  of 

incandescence.    Following  upon  this  he  made,  during  the  next 

lew  years  (1885  to  1893),  a  series  of  researches  which  eventuated 

in  the  invention  of  his  well-known  incandescent  mantle.    This 

mantle,  which  is  got  by  incinerating  a  cotton  or  other  fabric 

saturated  with  a  solution  of  a  mixture  of  the  nitrates  of  thorium 

(99  per  cent.)  and  cerium  (i  per  cent.),  gives  in  conjunction  with 

Bunsen's  burner  a  magnificent  white  light,  and  it  is  not  too 

much  to  say  that  the  gas  industry  gained  a  new  lease  of  life  in 

its  competition  with  the  electric  light  from  this  second  great 

invention  of  the  Heidelberg  chemists. 

In  thus  recording  these  two  outstanding  discoveries,  it  must 
not  be  forgotten  that  honourable  mention  is  also  due  to  the 
^  labours  of  the  late  Thomas  Fletcher  of  Warrington, 
'erhaps  the  first  practical  mind  to  appreciate  and 
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O^KOBet  tCSBKa    '    OpCD    Mlllf  ' 

^■OB  «f  fbt  ps  aad  xir  oolsr  me 
e  oBta*  nriux  trf  the  Ssme.  vberp 
L  aad  tharfofe  very  faagli  tempera 
r  Ae  aflnean  of  tlie  lieat  w>  dnckiped  in 
Ob  hwy  lydpocsteas  of  mfavnt  g»s  in  tlie  i 
tamt  — Jti^r  cfeandoteic  thcns*]  dccomposi 
dc  «fHattnc  of  aoU  p*'*«^fT  of  cartMiQ.  umJ 
WT  amhc  ■jfOMcinioDS,  WMcn,  Pting  niscd  tc 
<a^  tic  *tlfc»o»<ni  ydknr  luiiiuioiit>'  of  the  Si 

Sr  tt^aftry  Divy.  who  wss  perfaxjis  the  I 
■  I  iliipli  tkr  mttcT.  bdimd  tint  the  Hglit  rn 
p»  favK  **  «a||tl  k  Wiwn  f»  xAr  itcempotiHom  c{ 
lUMMiJi  Mk  iIwV  «<  fit  jbMW  vA^r;  tk^  air 
immtitf.  mad  At  itftmHn  tf  solid  ckarc9»l.  » 
ifmiitm.  mmd  ^tawaida  kf  it*  o«K6iufwt«,  inert 
Afw  tiW  Hi<«udy  tf  Ok  MthL"  i  And  althoi 
leatjreh  nay  have  re'fMkd  facts  wfaicfa  leqaiTe 
tiuo  in  detafl  ct  this  statement,  it  has  fnlly  confi: 
propwitioB.  Bundy.  that  the  InnapoBty  is  doe 
positjoa  erf  part  of  the  gas  and  the  depodtioa 
towards  the  intrrior  of  the  flame. 

Thb  being  w,  the  prime  object  of  the  early  gaj 
was  lo  obtain  a  gas  as  nrh  as  possible  in  the  " 
carbons  (ethane,  et)i>-lene,  propylene,  benzea 
readily  deciMnpose  under  the  influence  of  heat  pn 
For  obviou&ly   »uch  constituents   as   hydrogen 
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Iteated  either  do  not  yield  carbon  at  all,  or  only 

^  cannot  contribute  directly  to  the  luminosity 

although  they  undoubtedly  play  an  important 

reason  of  the  high  temperature  developed  by  their 

the  outer  regions  of  the  flame. 

-ligH  Illuminating  Gas  required  Fifty  Years  Ago, — Seeing 

c^  SL  •*  rich  "  gas  is  best  produced  by  carbonising  a  high- 

-oai    a.t  medium  temperatiures  (say  750®  to  900®  C),  the 

e    xiaLtiiraUy  followed  such  lines  so  long  as  high  self- 

»sity  of  the  gas  was  the  controlling  consideration.    Hori- 

0-slia.ped  or  oval  retorts  still  continued  to  be  employed, 

iey  -were  no  longer  made  of  cast  iron,  as  in  the  earliest  days, 

i  ftxeclay,  and  they  were  heated  by  the  combustion  of  coke 

direct-fired"  settings,  without  any  regenerative  arrange- 

^.     Xlie  temperatiures,  whilst  higher  than  those  attained 

1  cast-iron  retorts  were  employed,  would  be  decidedly  lower 

\  those   aimed  at  to-day.    In  many  cases  a  considerable 

ntity  of  cannel  coal  was  added  to  the  charge,  because  of  its 

vxvig  a  very  large  yield  of  gas  of  high  illiuninating  power. 

The  following  analyses  of  the  gas  made  at  such  "  medium  " 

uperatures  (a)  in  Heidelberg  from  a  bituminous  coal,  and 

in  London  from  a  cannel  coal,  will  give  some  idea  of  the  kind 

result  aimed  at  fifty  or  sixty  years  ago  : — 


(«) 

(6) 

Per  cent. 

Per  cent. 

Carbon  dioxide . 

0-37 

1-19 

Carbon  monoxide 

573 

10-07 

defines  and  benzenes 

727 

I0-8l 

Methane  . 

3840 

41-99 

Hydrogen 

44-00 

35-94 

The  Modern  Need  of  a  Lower  Quality  of  Gas  for  both  Lighting 
and  Heating  Purposes, — ^With  the  wide  adoption  of  incandescent 
mantles  for  lighting  purposes,  which  followed  closely  upon  von 
Welsbach's  inventions,  and  the  concurrent  increasing  use  of  gas 
for  domestic  heating  piurposes,  which  soon  resulted  from  Thomas 
Fletcher's  pioneering  efforts,  the  need  of  a  rich  gas  of  high 
seU-iUuminating  power  diminished,  and  has  now  practically  dis- 
appeared. These  new  conditions  opened  the  way  for  cheapening 
tte  production  of  gas  by  raising  the  temperature  of  the  retort 
settings,  whereby  much  larger  yields  of  a  gas  of  lower  calorific 
and  iUuminating  power  were  obtained,  a  poUcy  which  has  now 
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ol>±.adxiable  in  a  modem  setting  of  horizontal  retorts, 

&xii&x^2Lt:lvely  with  producer  gas  made  within  the  setting 

rt:   of    ±.he  coke  produced,  will  be  about  lo  galls,  of  tar 

X-X3    to  1*25),  between  20  and  30  lb.  of  ammonium 

^,    a.nd  some  14  cwt.  of  quenched  coke,  of  which  latter 

"to  3%  cwt.  have  to  be  used  for  heating  the  setting,  leaving 
a.   10   a.iid  II  cwt.  for  outside  use  or  sale. 

majiixfactured  in  gas-works  is  used  (i)  for  cupola  melting 

f  oiuidLxies ;  (2)  for  making  water  gas,  which  is  largely  used 

I  welding  operations;  (3)  for  steam  raising  under  boilers; 
r    tlie    heating  of  green-houses,  and  in  connection  with 

II  liea.ting  systems  generally;  and  (5)  it  may  also  with 
itage  l>e  used  to  mix  with  the  coal  burnt  in  domestic  fires, 
esp>ecially  in  closed-in  ranges  where  the  draught  is  good. 

Selection  of  Coals  for  Gas  Maiung 

tie  most  suitable  coals  for  gas-making  purposes  are  those 

iing  between  30  and  40  per  cent,  of  volatile  matter  at  900®  C, 

woned    on  the  dry  ash-free  coal  substance.    According  to 

s  made  by  St.  Claire  Deville  at  the  Paris  gas-works,  the 

t  results  are  obtained  from  those  containing  between  7*5  and 

per  cent,  of  oxygen  in  the  coal  substance.    In  England  it 

generally  considered  that  the  nearer  the  ratio  O :  H  in  the 

al  substance  approximates  to  2*0  the  better  the  results  obtained. 

\s  not,  however,  alwa5rs  safe  to  rely  on  such  rules,  and  hence 

many  of  the  larger  works  provision  is  made  for  the  testing  of 

:>2As  on  a  large  scale  by  isolating  a  bed  of  retorts,  with  separate 

Dndensing  and  purifying  and  measuring  arrangements,  so  that 

ti^  whole  process  can  be  carried  out  experimentally  under  actual 

vrorks  conditions. 

The  best  British  gas  coals  are  found  in  Northumberland, 
Durham,  South  Yorkshire,  Derb5^hire,  Lancashire,  and  North 
Stafiordshire.    The  great  London  gas-works  draw  their  suppUes 
chiefly  by  sea  from  the  Durham  coalfield,  because  of  the  cheaper 
cost  of  sea-freights  as  compared  with  railway  carriage.    The 
Durham  coals  as  a  rule  yield  a  rather  harder  coke,  but  less 
ammonia,  than  those  of  South  Yorkshire,  Lancashire  or  Derby- 
shire, which  latter,  however,  produce  a  somewhat  better  quality 
of  gas  and  thinner  tars. 

A  gas  manager,  in  selecting  his  coal,  must  often,  however,  be 
^  guided  by  other  than  merely  chemical  data,  important  as  they 
\un(  ubtedly  are.    The  question  of  pithead  price  and  cania^e 

1[  h? 
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t  is  re-c 


as  will  withstand  temperatures  up  to  1400**  C, 
change  of  temperature  brought  about  when  the 
harged  with  a  cold  mass  of  coal, 
of  the  retort  walls  is  increased  to  4  in.  at  each 
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Fig.  34. 

end  in  order  to  take  the  cast-iron  mouthpiece  and  door  which 

closes  it.   On  to  the  mouthpiece,  which  is  bolted  on  to  each  end 

of  the  retort,  and  projects  for  a  short  distance  beyond  the  wall 

of  the  setting,  is  cast  a  socket  into  which  is  fixed  a  vertical  iron 

ascension  pipe,  4  to  8  in.  in  diameter,  with  the  object  of  con- 
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^rhere  the  operation  is  pushed  to  the  furthest  practical 
i-sring  regard  to  the  life  of  the  retort.     In  Table  XXXV 

X31  of  Chapter  VIII  hereof,  is  shown  the  composition 
vide  gases  evolved  at  different  times  during  the  carbonisa- 
X  T>erbyshire  coal  when  the  final  temperature  was  950°  C. 

"tile  chemistry  of  carbonisation  has  already  been  fully 
ed  in  Chapters  VII  and  VIII,  there  is  no  need  to  refer 
:o   the  subject  here. 

ompaiing  the  carbonising  conditions  in  such  "  horizontal " 
liose  in  the  more  modem  "  vertical "  retorts,  which  will  be 
tied  later  on,  it  is  important  to  remember  that,  inasmuch 


as  in  the  former  case  the  coal  is  heated,  not  only  by  contact  with 
the  bottom  and  lower  part  of  the  side  of  the  retort,  but  also 
largely  by  radiation  from  the  arched  top  thereof,  the  zone  of 
"active  carbonisation"   advances  from  the  perimeter  of  the 
charge  towards  the  central  portion  of  it.     Hence,  during  the 
greater  part  of  the  carbonising  period,  the  gases  and  volatile 
matter  evolved  must  of  necessity  pass  out  of  the  charge  through 
a  layer  of  incandescent  coke  which  is  always  at  a  higher  tempera- 
ture than  that  at  which  the  coal  has  been  mainly  carbonised. 
Also,  these  gases  and  volatile  constituents,  on  emerging  from  this 
incandescent  coke,  have  to  traverse  the  free  space  above  the 
charge,  where  they  are  subjected  to  intense  radiant  heat,  and 
in  so, doing  must  come  frequently  into  contact  with  the  incan- 
descent arch  of  the  retort.    When  it  is  recalled  that  the  radiation 
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from  tDcandcscent  surfaces  causes  the  heavier  hjnb 
(ethane,  propane,  ethylene,  propylene,  etc.)  to  decomj 
that  contact  with  such  surfaces  greatly  accelerates  th« 
decmpodtioQ  of  methane,  the  importance  of  getting 
o«t  of  the  retorts  as  qakkly  as  possible  will  be  apprecia 
Hence  the  ^s  mamger  endeavoais  to  keep  down  the 
in  the  retorts  nmiormly  to  a  point  only  slightly  afa 
of  the  ootsade  atmosphere ;  U  he  reduces  it  belo^  t 
sphgie  pmsore.  air  win  be  drawn  through  the  retort: 
iater^tipB  with  their  contents  produce  a  mixture  of 
aad  oxkfe<  of  carboti  which  dilute  the  coal  gas  to  the  c 
cf  Its  qaafity. 

'J*s  C^rio*. — ^The  decwn position  of  the  hydrocarboi 
cipaHy  the  methane)  in  the  eas  by  contact  with  the  inca 
va&  at  the  retort  accoonis  for  the  deposition  of  "  gas 
or  "  tct^"  on  them,  which  is  a  well-known  feature  of  ca 
oon  IB  hociioctal  retorts.  This  "  scurf."  whilst  rende 
Ie^xTS  rapce  eas-tigfat.  sh^h'iy  interferes  with  the  hea 
ansskfi.  if  it  is  aBcrwed  ;o  accumulate  unduly.  Hen 
rrnM^wEii  peno&ally,  and  ls  o^ed  for  the  mantifacture  oi 
efcccwic*  i>:it  electric  ^[IrTu    s, 

Tbe  settisg  k  heated  by  means  of  "  producer  gas  "  ge 
bv  zix  a<--Ti>:-D  iM  air  charged  with  a  certain  amount  of 
3p:c  laraaiiescetit  coke.  A  s(^id-bottom  generatm'  wit] 
cra:e  e-  boll  mi-i  each  t-^d  of  retorts  (see  Figs.  32,  33. 
^  ^saaHy  l>rfcrw  the  £r.-.i3d  level,  and  is  charged  w 
cv4r  iire<.t  mta  the  Teti,-rr-.  The  "  primary  "  air,  togetl 
a-t-n-  -•-JIT-  s  adnatwd  tlj  ash  the  bars,  and.  by  mean 
.-f»rr— ^y  insttt.  E?  drawT.  -kroa£b  a  deep  bed  of  incan 
c-.'*^  3  ^^  searracc*  ajjiin^  a  tow-grade  producer  gas  o 
Ok  i-.'Itwae  Is  a  r^-pical  inal>"5is  : — 

COi  =  j^--  CO  =  27^?.  H,  =  7-5,  CH,  =  0-5,  X,  =  6 

Tix  b"  ei~.  cc  en:«u--5  the  setting  thioa£h  boles  n 
r>^  iv^iv-m  oi  ea^rh  «  ti/^  spaces  fixined  by  the  vertic 
■w^h  5npp;<Tiis  il»  ret: -3  meets  with  a  regulated  sti 
j)Rlvated  ieo:c»iaiTi- '  i^  KiS-nent  for  its  cwnplet 
jjG*x>:c  Tr»  .^:^^i*:s^>  -  :=  osupfetcd  as  the  inten 
<aeiS  ■>-  iTii  aai  air  d-'rilites  rocnd  the  retorts.  Tbi 
Ch~ci.  whiih  rcast  nsces^-ir^y  lea^e  the  setting  at  a  temp 
=i3.iei^^"  ^^  ti^  mimta--.  il^  uppermost  retorts  at  the  r 
^-^j^xjniang  heat,  pais  dowE-rartfe  on  their  way  to  the  c 

"  T 
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'^  a.  liieat  "  recuperator  "  or  "  regenerator  "  system.  This 
itially  of  a  series  of  flues  adjacent  to,  and  separated 
firebrick  partition  from,  a  parallel  set  of  flues  through 
the  ••  secondary  "  air  is  allowed  to  flow  on  its  way  to  the  set- 
ra^veUing  in  the  reverse  direction  to  the  waste  gas  stream, 
i  pxoi>er  control  and  adjustment  both  of  the  "  primary  " 
:^e  *•  secondary  "  air  supplies  in  such  a  setting  (by  means 
des  in.  the  admission  ports  and  dampers  at  the  regenerative 
tls"^  ^  obviously  a  most  important  factor  in  determining  the 
economy  of  the  process.  The  amount  of  "primary"  air 
^YVeA  sbotdd  not  exceed  that  required  to  generate  sufficient 
lucer  gas  of  good  quality  to  maintain  the  carbonising  heat 
Oafc  xetorts,  whilst  no  more  of  "  secondary  "  air  should  be 
nitted  than  is  needed  to  bium  the  gas  completely. 
^Xi  Ibe  smaller  gas-works  horizontal  retorts  are  still  charged 
d  discharged  by  hand  labour,  but  in  nearly  all  the  larger 
^V^Uations  this  work  is  now  entirely  done  by  specially  designed 
achinery.  The  use  of  machines  for  this  purpose  has  done 
«%.Y  with  the  necessity  for  leaving  so  large  a  "  free  space  " 
ver  the  coal  in  the  retort  as  was  formerly  so  customary,  and 
eideed  some  gas  managers  now  work  the  retorts  on  "  full  charges." 
As  an  example  of  the  results  obtainable  in  a  modem  horizontal 
extort  setting,  the  following  summarised  figures  may  be  given 
(Table  LXIV)  of  a  seven  days'  trial  with  a  Derbyshire  gas  coal 
made  in  1910  by  Mr.  J.  Ferguson  Bell  of  Derby  for  the  Carbonisa- 
tion Committee  of  the  Institution  of  Gas  Engineers.^ 

The  coal  used  was  from  the  Blackshale  Seam  (Derbyshire),  and, 
as  charged,  contained — 

C  =  7222,  H  =  475,  N  =  1-35,  S  =  2-35,  O  =  736,  Ash  = 
7-51,  Moisture  =  4-49  per  cent.,  with  Volatiles  =  33-98 
per  cent. 

The  retorts,  which  were  heated  in  settings  of  "  eights  "  by 
producer  gas  in  Klonne  regenerator  furnaces,  were  O-sbaped, 
1%  ft.  long  X  22  in.  wide  X  16  in.  deep.  In  one  set  of  trials, 
12  cwt.  "  full "  charges  were  carbonised  in  12  hours,  and  in  the 
otter  series  8-2i  cwt.  charges  were  worked  off  in  8  hours,  the 
mean  average  final  temperature  in  the  retort  being  995**  C.  in 
Ik  first  case  and  986**  C.  in  the  second.    The  temperature  in 

the  combustion  chambers  of  the  settings  was  about  1330**  C 

*  Trans,  Inst,  Gas  Engineers,  1910*  P-  259. 
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1  to  matBt«in  u  neariy 
e  saMe  of  tbe  retorts 


TfF/C   ^1 
iriy  as  j^H 


TABLE   LXIV 
•  Mku.^  TUua  or  A  DsKsriRivK   f 

■MECit.  E»»>MXfc  *T  9fl6*  TO  m3"C. 


fciM^*B— «<  >rii.fc»«» 

'= 

iXan^  ot.       .     .     . 

*9 

12X 

*M^^  M«  m  T*m          ftf  1_  at  Ceol  c*r- 

, 

'            '<         .::::; 

1- 

. 

k  at  MHfaC  *^  ■**"■*>  ■!  so  u( 
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>f  ^Jvliich  were  operated  with  "  full  charges,"  were  put  up 
"tislx  gas-works.  The  technical  results  cdd  not,  however, 
^tierially  from  those  obtained  in  the  older  horizontal 


=>-^- 


v^oiil<i  appear  that,  as  long  ago  as  1828,  an  inventor  named 

ton  had  proposed  a  system  of  vertical  retorts  in  which  full 

^es    >vere  to  be  carbonised,  on  the  "intermittent"  plan, 

tlie  gas  taken  off  at  the  top  of  each  retort.    But,  for  some 

>ii  OT  another,  possibly  connected  with  the  obvious  difficulty 

atisf actorily  heating  such  vertical  retorts  without  gaseous 

g  WTvder  regenerative  conditions,  the  idea  did  not  at  that 

e  come  to  practical  fruition.    It  was,  however,  revived  and 

i\ed.  to  success  during  the  early  years  of  the  present  century 

the   I>essau  Gas  Works  in  Germany  by  Dr.  Bueb,  who,  in 

:>4,  patented  his  new  system  in  England. 

It  ^was  soon  recognised  that  the  intermittent  vertical  system, 

\1  is  now  called,  possesses  certain  technical  advantages  over 

le  older  methods.    In  the  first  place,  the  problem  of  charging 

^d  discharging  the  retorts  is  reduced  to  its  simplest  form,  and 

tie  retorts  are  worked  with  full  charges.    Secondly,  it  is  claimed 

v^   Bueb  that,   inasmuch  as  in  such  intermittently  charged 

/ertical  retorts  the  carbonisation  proceeds  through  the  coal 

^tom  the  periphery  inwards,  the  gas  and  "  volatiles  "  generated 

during  the  greater  part  of  the  period  making  their  way  out 

mainly  through  the  relatively  cool  central  core  of  partially 

carbonised  coal,   thereby   avoiding   very  largely   any  contact 

with  the  incandescent  coke  and  retort  walls.    And,  finally,  the 

system  lends  itself  to  the  practice  of  passing  steam  through  the 

incandescent  charge  during  the  last  stages  of  carbonising,  thereby 

conserving  heat  energy,  and  at  the  same  time  increasing  the 

total  quantity  of  gas  obtained  by  the  addition  of  a  certain 

amount  of  water  gas. 

Contemporaneously  with  Bueb's  investigations,  a  number  of 
British  engineers  were  independently  engaged  in  designing  and 
working  out  systems  in  which  the  coal  was  continuously  passed 
through  vertical  retorts,  somewhat  on  the  Unes  of  the  continuous 
method  for  distilling  oil-bearing  shales  invented  by  Beilby  and 
Yoimg  in  1881. 

In  1902  Settle  and  Padfield  patented  a  method  of  "  vertical " 
carbonisation  in  which  the  coal  was  continuously  fed  into  the 
top  of  the  retort,  but  the  coke  withdrawn  by  hand  at  intervals, 
but  although  "good  results  were  obtained,  it  has  beep  *»*"'' 
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s  clalnaecl  that  such  a  system  yields  from  a  given  coal 
greater  volume  of  gas,  (2)  thinner  tars  containing  less 
aj»<i  free  carbon,  (3)  a  lai^e  amount  of  ammonia,  but 
uch.  less   naphthalene,  and  (5)  a  harder  and  superior  coke 


Fic.  37. — Th^  Desean  iDtenmttent  System. 


\kaji  are  usually  made  in  horizontal  retorts.  Also,  that  all 
these  advantages  may  be  secured  with  a  smaller  consumption 
Qf  fuel  in  the  setting,  and  that  labour  costs  are  reduced.  For 
further  information,  the  reader  may  be  referred  to  an  instructive 
Vaper  published  by  Mr.  C.  Dm  Drury  in  the  Transactions  of  Ike 
Institute  of  Gas  Engineers  for  the  year  1911,  giving  the  result  of 
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rfcCliM  W^  C^mimmt^  5i*v  (Fig.  3S)l — Ii 
«B  «Mi  ii&  ty^  9""^  ■■»  ^  vcnia)  retort  ; 
fei^ps.  ifte  lop  ai  «Ai^  ■  AmtA  hy  a  qteoil  ^ss 
vtkklMn'  «  Mif  flpaei  vka  faeah  aal  bas 

TIk  < 
I  at  a  speed  w] 
latod  b^  aa  npoKM^  BecfeaMcal  oofe  cxtsactoc  at 
nw  Rtoct.  \f§  wukji  neiaft  na  tase  of  canmusa 
MQnHcd  to  suit  any  pmigiar  dais  of  coaL  T) 
coha  n  lELCiwd  bobi  Uk  fumii  of  ue  retoci  inti 
Irmb  wdkb  It  is  poKHDcalp  ascim^a. 

The  retorts  are   Bonaally  zt  ft.  faa^  oral  m  i 

ti^HiaC  ftoB  tile  bottom  sfnnnl*..     L'staBy  tWre 

MMrts  «  asntms  wUcfamay  be  <fiviikd  into  sectii 

iflMvctdiers.  4.  or  8  retorts  to  be  fired,  as  dtcoDBtai 

M  a  nk  each  settiDe  it  provided  witb  one  prodi 

\  aNwtfc  bat  auBKtJBKs  two  »ocb  prodoceis  are  pr 

Qk  te«tM(  and  regcnefattw  »>-sitni  is  somewhat  a: 

Ihi  kMiiaB  dnabefs  tooikI  the  rrti)rt!>  are  arr^ 

lah.  ^»  Wp  t^*o  <rf  wUch  (called  the  "  ciictilating  < 

Aim  4HMt  Vy  the  cuobtaed  m^le  gases  from  the  "  1 

'^^  THr-      The  Dcxt  lower  six  tkn  (unn  the  " 

^iMiiOa^  -  i^iyer.  each  recet^-ing  a  separate  suppjy 

-.  -  viih  a  sttitabt)'  pniportioned  amount  c 

Mow  tbc^e,  again,  an  tvm  other  sinul 
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'^  "vvViicih  the  secondary  air  is  drawn  on  its  way  to  the 
*^*1  "  c:ombustion  chambers,"  a  feature  which  results  in 
»£  tlie  >ieat  of  the  incandescent  carbonised  coke  in  the  lower 
>f  t.lie  i^tort  being  transferred  to  the  incoming  air,  and  the 
"toeing  fiischarged  in  a  relatively  cool  state  without  having 
!   quenched.     It  will  thus  be  seen  that  (i)  the  waste  gases 


sohvevow^ 


^CUNKCRING  rLOO* 


Fic.  38.— Clover-West  Continuous  Vertical  Retort  Settii^. 

from  the  "  combustion  chambers "  impart  their  heat  to  the 
incoming  coal  as  it  passes  downwards  through  the  upper  part 
of  the  retort;  whilst  (2)  the  incoming  secondary  air  supply 
abstracts  the  greater  part  of  the  heat  from  the  outgoing  incan- 
descent coke.  Another  important  point  to  observe  is  that  on 
account  of  the  continuousness  of  the  process,  the  carbonising 
and  other  working  conditions  are  very  uniform,  a  circumstance 
which  decidedly  makes  for  good  results. 
V  289 
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HLg    figures,  taken  from  Mr.  Newbigging's  paper, 

a   tars   obtained  in  these  trials  and  that  normally 

Vve   same  coal  in  horizontal  retorts  bear  out  the 

vertical    retort  tars  are  thinner,  and  contain  less 

^e  caribou  than  those  made  in  horizontals. 

TABLE  LXV6 


Vertical  Retort  Tars. 

Horizontal 
Retort  Tar. 

A. 

B.^ 

Gravity    .... 

1074 

1*146 

I  193 

ils,  up  to  170*  C. 
OWs,  X7o*»  to  270*  C. 
Oils,  270*  to  350**  C. 
over  350**  C.    .      .      . 

% 

91 

25*7 
249 
46-0 

% 

2-5 
46 

22*4 
197 

55-4 

50 
4*5 

I2*0 

19-5. 
570 

• 

-By  Volume 
-  -By  weight 

Carbon 

31 

5-86 

176; 

U  Balance. — ^Taking  the  results  of  Trial  B  as  fairly  repre- 

■^  what  can  be  accomplished  by  carbonising  a  good  gas 

under  the  best  working  conditions  in  a  modem  vertical 

c\.  ^t  high  temperatures,  we  may  now  deduce  the  following 

roximate  heat  balance  for  the  operation,  which  shows  that 

\ess  than  89  per  cent,  of  the  energy  expended  is  accounted 

in  the  combined  heat  values  of  the  resulting  coke,  tar,  and 


Million 
Dr,  B.Th.Us. 

ton  of  Coal  charged  into 

Retorts 30*850 

210  lb.  ol  Coke  used   as 
fuel  in  Producers  .      2*889 


Tota\ 33*739 


Cr. 
13*7  cwt.  Coke   . 
13.033  cub.  ft.  of  Gas 
105  lb.  of  Tar     .      . 


Miltion] 
B.Th.Us. 

.     2I*IIO 

•      7-191 
I-73I 


Total 30*032 


33739 


Attention  may  here  be  drawn  to  a  recent  paper  by  Mr.  J.  E. 
'Vest^  in  which  the  results  of  passing  steam  through  the  retorts 
during  the  carbonisation  period  are  demonstrated.    The  object 

*  Gas  Journal,  Nov.  13,  1917,  Vol.  CXL.,  p.  314. 
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of  tins  procedure  is  of  course  to  obtain,  in  additx* 
uioog  fnnn  the  distiDation  ol  the  ctyal.  a  certain  amc 
water  gks,  thm-by  increasing  materialiy  the  lotaJ  tr 
per  ion  of  coal  treated.  It  is  also  cl:iiinfd  that  th 
tmpromnent  gi\Ts  rise  to  increased   outputs  oi  bo 

Eiperiiaeiital  trials  were  described  in  u-hich  a  ^as  a 
ndei  oonBal  dbtiUation  in  the  verticaJ  retort.  i4,o& 
<A  gu  per  ton.  of  the  following  composition  : — 

CO,  =  1-9.    CO  =12-0.    C,H.  =  2«,   CH4  =  26i. 
K,.  etc.  =  58  per  cent. 

Wken,  bowBVcr,  the  same  coal  was  pat  through  the  ; 
tlK  botton  of  which  steam  was  introduced  at  40  lb 
tbroagh  (-in.  oonte.  the  combined  >ietd  of  distiUation 
water  gss.  amoonted  to  as  mnch  as  16.607  cubic  feet  j 
cool,  with  the  foQawing  average  compostUon : — 

zo-8.     H 


CO,  =  37.    CO 


=  171.    C.H.  =  2-2,    CH4  = 
N,  =  5-0  per  cent. 


The  total  B.Th.Vs.  in  the  gas  made  per  ton  of  coat  was  I 
io  the  second  experiment,  as  compared  with  7.351. S4' 
fwii^  At  the  same  tine  the  increa^d  >ieU  of  g»i 
obvio<nst)'  be  obtained  at  the  expense  oi  part  ol  the  c 


PtTRtncAnoN  OF  Coal  Gas 

Althoogh  this  subject  lies  somewhat  outside  tlie  scope 
present  book,  and  is  to  be  treated  in  detail  by  Mr.  E.  V, 
the  Chief  Chemist  of  the  South  Metropolitan  Gas  Co..  in 
vquent  \x4ume  in  this  series,  a  few  words  upon  it  lu 
periofs  not  be  considered  oat  of  place,  especially  as  tl 
obfect  is  to  leootd  another  remarkable  achievement  of 
ieetmAapsHA  which  fittingly  closed  the  first  ccntur5''s  d 
nent  of  ttass  pre-csuoenthr  British  industry. 

The  nuwt  nodent  methods  for  the  removal  and  reco 
lufs  bcnKife.  naphthalene,  ammonia,  and  other  conden 
snlwMf  t-y-predorts  fiwm  crude  coal  gas  wiH  be  described 
nrti  chapter,  winch  deals  with  the  coking  indostiy,  wbe 
ban  been  fa^wr  de%t;kif»<d  than  in  gas-works.  But  n 
i  Inw  been  removed,  and  the  gas  thoi 
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still  remain,  as  impurities,  (i)  certain  cyanogen 
>ixxxAs,  t:lxe  amount  of  which  tends  to  increase  with  the 
*^^^'m'e  at  which  the  coal  is  carbonised ;  and  also  (2)  sulphur 
ovmAs,  oliiefly  sulphuretted  hydrogen  and  carbon  disulph- 
irvlios^  presence  in  a  gas  destined  for  domestic  use  is,  from 
/  poVrvt.  of  view,  deleterious. 

>iisiciera.tions  of  space  preclude  our  dealing  with  the  removal 
tie  cy^LTiogen  compounds.  Sulphuretted  hydrogen  has  never 
iented  any  serious  difficulties  to  the  gas  manager,  for  it  may 
^asSXy,  and  completely,  removed  by  passing  the  gas  through 
*  dry  "  piuifier  containing  layers  of  moist  hydrated  ferric 
Afc  ^preferably  in  the  form  of  bog  iron  ore),  when  the  following 
Lctions  occur : — 

(i)  FejOaxHjO  +  3H2S  =  Fe^S,  +  (x  +  3)H20. 
(2)   Fe^OaxHjO  +  SH^S  =  2FeS  +  S  +  (x  +  3)HaO. 

he  spent  oxide,  after  it  has  ceased  to  react  with  the  hydrogen 
Aphide,  may  be  "  revivified "  by  atmospheric  oxidation, 
thereby  ferric  oxide  is  re-formed  with  the  separation  of  free 
>\3ipb.ur.  Therefore  the  purifying  material  is  alternately  used 
in  the  purifier,  and  revivified  by  exposure  to  air  several  times 
ov^r,  until  its  sulphur  content  rises  to  beyond  50  per  cent., 
when  it  is  sold  to  the  sulphuric  acid  manufacturers.  In  this 
viay  the  sulphur  existing  as  hydrogen  sulphide  in  the  crude 
gas  is  ultimately  converted  into  sulphuric  acid. 

The  removal  of  carbon  disulphide  has,  however,  always  pre- 
sented great  difficulties.  For  although  it  can  be  partiy  effected 
where  "  lime  purification  "  ^  is  resorted  to,  such  procedure  is 
so  uncertain  in  its  effects,  and  so  liable  to  cause  "  nuisances," 
that  it  has  been  largely  abandoned  in  modem  works.  Hence, 
for  many  years,  the  consumer  had  to  tolerate  an  undue  propor- 
tion of  sulphur  compounds  in  the  gas  supplied  to  him. 

In  1906,  however.  Dr.  Charles  Carpenter,  in  conjunction  with 
Messrs.  E.  V.  Evans  and  Doig  Gibb,  initiated  investigations  at 
the  South  Metropolitan  Gas  Works  upon  the  well-known'decom- 
position  of  carbon  disulphide  by  heat  in  contact  with  suitable 
catalysts  at  moderate  temperatures  whereby,  in  presence  of 

^  The  removal  of  CS,  by  this  method  prindpaUy  depends  on  the  fact 
that  the  calcium  hydrosulphide  Ca(SH),  whidi  is  first  formed  by  the 
action  of  H|S  upon  slaked  lime,  Ca(OH)t,  will  in  time  absorb  CSt,  forming 
calcium  thiocarbonate,  CaCSs,  and  H^S,  which  latter  must  be  removed 
eil^er  by  means  of  fresh  lime  or  hydrated  ferric  oxide.  The  process, 
however,  is  too  complex  to  be  treated  here  in  detail. 
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b)'dn>gcn,  wfakb  is  always  a  predominant  conj 
gas.  it  b  coDVcrted  into  aulphontted  Jiydrogen 
(olkxw»:~ 

CS,  +  2H,  =  xH^  -h  C. 

The  talphurelteri  hydrDgen  can  then  be  reinave 
manner.  By  using  nickel.  a»  the  most  suitabi 
a  tonpcratare  of  450'  C,  the  in\'estigators  in  q 
auccecded  in  e%'olvinx  a  practica]  process  ^berpt 
content  (as  CS^)  °'  ^^  Suuth  LoDdcm  gas  can  be 
laige  scalr,  in  regolar  (Uy-ti>day  worktng^,  trtat 
8  grains  per  100  cab.  ft.,  without  tn  any  way  del 
quality  of  the  gas.  at  a  cost  (including  interest  and 
of  o-399tf.  per  louo  cab.  ft.,  tfaos  providing  s  stri 
of  what  may  be  achieved  hi  industry  by  (to  borrow  E 
own  pitraw)  "  the  unrestricted  and  onreacn'ed  col 
the  chemist  and  the  cngiocer."  ^ 

r**  QMolity  oW  Pricts  of  Tarns  Gas  in  lor  • 
decade  prior  to  the  war.  the  adoption  uf  a  ca]>  : 
towns  gas  had  become  fairly  general,  and  thr 

may  be  quoted  as  showing  the  a\-erage  gross  ci. 

the  yax  1913  ol  the  gas  suppOed  in  six  of  the  Ui| 
Great  Britain  ; — 

Cjly 
Cross  Calorific  Value  in 
B.ThX's.  iier  cub.  fl. 
of  dr>'  gas  at  to*  Fahr. 
and  30  in.  Bar. 

The  prices  charged  to  the  ordinary  consomer  in 
tanged  from  00c  sbLQing  and  threepence  to  two  s 
t  per  1000  cub.  ft. 


A. 


620      596      593      582 


Coal  Gas  as  ak  Indl'strial  Fcel  ■ 
t  ycttrs  ptior  to  the  war,  coal  gas  had  ' 
as  an  industrial  foel.   and  sin 


^  jitiili  Hat  nairt  ti  icfemd  to  Dr.  Cupeal 
MiM  «f  C«s  br  ticat "  beloce  the  InsOtuticMi  erf 
■:»«t»  {r™«i  Im«-  Oi  Emfuntn,  1914.  p. 
Uu*  mbjcst.  a  lecture  dd 
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abnormal  demands  for  gaseous  fuel  in  connection  with  munitions 
factories  have,  for  the  time  being  at  least,  considerably  increased 
its  use  for  such  purposes,  and  it  may  be  confidently  predicted 
that  after  the  war  it  will  continue  to  play  an  important  part  in 
the  industrial  field. 

It  should,  however,  be  recognised  that,  apart  from  the  special 
circumstances  of  its  employment  for  munitions  purposes  during 
the  war,  its  chief  usefulness  in  normal  times  is  most  likely  to  be 
either  (i)  in  the  direction  of  supplying  the  manifold  wants  of 
innumerable,  but  relatively  spealdng,  small  industrial  con- 
sumers ;  or  (2)  in  connection  with  the  manuf actiu-e  of  high-grade 
commodities,  where  the  question  of  the  cost  of  the  heating 
operation  is  of  less  consequence  than  the  certainty  of  attaining 
a  particular  result  within  a  given  time,  as  for  instance  in  the 
heat  treatment  of  special  steels  or  alloys.  In  cases  of  other 
large  scale  operations,  as  in  the  heavy  structural  steel  trades, 
where  the  cost  of  the  gaseous  fuel  is  of  paramount  importance, 
it  will  scarcely  be  able  to  compete  with  either  producer  gas,  or 
with  mixtin-es  of  coke-oven  and  blast-furnace  gases,  as  a  furnace 
fuel. 

Before  the  war,  the  cities  of  Birmingham,  Sheffield,  and 
Glasgow  led  the  way  in  the  matter  of  supplying  cheap  coml  gas 
for  industrial  purposes.  Birmingham,  in  particular,  had  shown 
remarkable  enterprise  in  the  high-pressure  distribution  of  gas, 
at  12  lbs.  per  square  inch,  to  workshops,  factories,  and  foundries 
within  the  city  area.  During  the  year  ending  March  31,  1913, 
no  less  than  1900  million  cub.  ft.  (or  22J  per  cent,  of  the  total 
gas  output)  were  sold  for  industrial  purposes  at  an  average 
price  of  fifteenpence  per  1000  cub.  ft.,  and  a  consumer  taking 
more  than  4  miUion  cub.  ft.  per  quarter  was  charged  only  11-4^. 
per  1000.  The  gas  was  largely  used  for  (i)  brass  and  almninium 
melting  in  crucibles,  the  total  cost  of  which  was  said  to  have 
been  less  than  in  the  older  coke-fired  furnaces ;  (2)  lead  melting 
in  pots;  (3)  the  annealing,  hardening  and  tempering  of  small 
steel  wares  and  the  like ;  and  (4)  for  glass  annealing.  During 
the  war,  the  melting  of  aluminium  bronzes,  gunmetal,  nickeL 
cupro-nickel,  Admiralty  metal,  and  brass  billets  have  been 
added  to  the  Ust.  Also,  gas-fired  furnaces  have  been  installed 
in  connection  with  the  manufacture  of  optical  lenses,  and 
porcelain. 

The  Sheffield  United  Gas  Co.  were  no  less  enterprising  than 
the   Birmingham   Municipal  Authorities.     Even  the  smallest 
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the  large  gas-works  for  "  stripping  "  the  gas  of 
^  SLxid  toluene  contents,  thereby  greatly  adding  to  the 
f    ira.w  material  available  for  the  manufacture  of  high 


Conclusion 

nd   of  the  first  century  after  its  inception  finds  the  gas 

in  SL  state  of  active  growth  and  development,  adapting 

fbie  ever-changing  requirements  of  oiu*  complex  civilisa- 

d  filling  a  foremost  place  in  our  national  economy. 

ael  xesult  of  the  century's  progress,  so  far  as  the  pubhc 

erxieci,  may  be  sununed  up  by  saying  that  when  in  1818 

TiAoxi  Gas  Works  produced  something  between  6150  and 

;ul>.   ft.  of  gas  per  ton  of  coal  carbonised  and  their  cus- 

s  paid  fifteen  shillings  a  1000  cub.  ft.  for  it,  during  the 

ending  December  31,  1913,  they  produced  12,420  cub.  ft. 

>Tv,  and  charged,  on  the  average,  two  shillings  and  foiuT)ence 

cooo  cub.  ft.  for  it.    To-day  the  yield  is  substantially  the 

t  as  in  1913,  but,  owing  to  war  conditions,  the  price  is,  for 

time  being,  higher. 

s  it  may  interest  the  reader  to  know  how  many  different 
ns  make  up  the  cost  of  supplying  a  modern  community  with 
»,  and  the  proportion  which  each  one  bears  to  the  whole,  we 
U  conclude  our  review  by  reproducing  (see  next  page),  from 
\cial  records,  the  following  analysis  of  the  Accounts  of  the 
Dndon  Gas  Companies  for  the  year  ending  December  31,  1913. 
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CARBONISATION  INDUSTRIES  [contimmeJ) 

The  Coking  Industry 

^^  xnatniifacture  of  hard  metallurgical  coke,  which  is  chiefly 
L  for  the  smelting  of  iron  in  blast  furnaces,  has  alii'a\'s  been 
mportstnt  industry  in  Great  Britain  since  the  middle  of  the 
iteentli  century.  Such  coke  is  produced  by  carbonising,  at 
h  temperatures  and  in  lai^e  ovens,  coals  speciaUy  selected 
tlieir  strongly  caking  properties  and  their  relatively  low 
vi  contents. 

As  already  shown  in  Chapter  IV,  the  best  coking  coals  are 
lose  yielding  between  20  and  30  per  cent,  (on  the  "  dry  ashless  " 
3aX)  oi  volatile  matter  when  carbonised  at  900^  C,  and  the 
inest  of  them  are  those  found  in  the  S.W.  areas  of  the  Durham 
;oa\&eld,  which  furnish  the  coke  used  in  the  blast  furnaces  of 
Durham  and  Cleveland. 

The  following  are  the  results  of  an  analysis  of  a  t3rpical  first- 
class  Durham  coking  coal,  as  freshly  won  from  the  seam  in  large 
\>\ocks  free  from  dirt : — 


On  the 
Dry 
Coal 


Carbon 
Hydrogen 
Nitrogen 
Sulphur 
Oxygen 
,Ash 


Per  cent. 
8375  \ 

475 
i-io 

130 
750 
i-6o, 


Volatiles  expelled 

at  900®  C. 
=  267  per  cent. 


It  does  not,  however,  follow  that  coals  yielding  less  than 
20  or  more  than  30  per  cent,  of  "  volatiles  "  at  900**  C.  have  not 
good  coking  properties.  Some  South  Wales  coals,  yielding  as  low 
as  15  per  cent,  of  volatiles,  give  a  very  dense  hard  coke.  Also, 
some  South  Yorkshire,  Derbyshire,  and  Lancashire  coals,  yielding 
between  30  and  35  per  cent,  of  "  volatiles,"  are  rightly  regarded 
as "  coking  "  varieties,  although  the  resultant  coke  from  them  is 
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I  tafcrior  as  a  bUst-fonuce  fuel  to  that 


Tkr  anal  tiinlifcJ  qualities  needed  in  a.  eoo€ 
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I  that  will  be  aidon 
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'k  rantcirt  and  coaipani 
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■  ' '  l>eeluve  "  coke  was  in  every  way  so  thoroughly  satis- 
i-S  3.  blast  furnace  fuel,  and  the  ironmaster  was  so  accus- 
o  its  -virtues,  that  he  came  to  regard  it  with  peculiar 
1,  and  thought  ttiat  no  other  kind  of  coke  would  suit  bis 
so  -w^ell.  Actual  experience,  however,  has  now  proved 
^judlce  to  have  been  quite  unfounded. 


The  Beehive  Oven 

old  l>eehive  oven  {F%,  39)  consists  of  a  fireclay  chamber 
c\Aa,T  in  section  with  a  floor  sloping  slightly  from  back 
nt,  covered  by  a  domed  roof,  and  provided  with  (1)  a  door, 

\.\ie.  floor  level,  (2)  a  passage,  B,  under  the  arch  of  the  roof 
ig  into  the  chimney  flue,  D,  and  (3)  a  hole,  E,  at  the  top 
«  Toof  communicating  with  the  outer  atmosphere,  which 


Fig.  39. — Old  Beehive  Oven. 


nay  be  used  for  charging  the  oven,  but  is  always  closed  during 
Ive  greater  part  of  the  coking  period. 

In  working  the  process,  a  charge  of  ten  tons  of  coal  is  either 

introduced  through  the  door.  A,  or  is  dropped  into  the  oven  from 

tubs  running  on  a  railway  above  through  the  charging  hole  to  a 

height  of  from  2^  to  3  ft.  above  the  floor.     The  coal  is  then 

^nited,  and  the  door  bricked  up  and  plastered,  except  for  a  few 

holes  about  one  inch  or  more  in  diameter  in  one  or  two  of  the  upper 

courses  of  the  door  bricks  which  are  left  open  for  the  admission 

of  air.    The  ignited  coal  bums,  and  the  heat  so  liberated  sets 

up  distillation  in  the  under  layers.     The  volatile  products  so 

expelled,  rising  through  the  decomposing  mass,  catch  &re  and 

bum  in  the  dome  of  the  oven  where  they  meet  with  the  air  drawn 

in  through  the  door.    The  dome  is  thus  soon  heated  up  to  a  high 

te "ture,  and  by  radiation  powerfully  assists  in  caibonising 
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?\o.  41.— Breckon  and  Dixon's  Coke  Ovens  (Plan  of  Four,  partly  in 

Sections). 

(By  pennisdon  from  Phillips  and  Bauennan's  Elements  of  Metallurgy, 

Charles  Griffin  &  Co.) 


proposed  about  this  time,  chiefly  with  a  view  to  allowing  the 
entire  charge  of  coke  to  be  withdrawn  from  the  oven  previously 
to  its  being  quenched,  thus  avoiding  cooling  the  oven  suddenly 
wif'      '^T  at  the  end  of  each  carbonising  period. 


f 


Bauerman,  Elements  of  Metallurgy,  2nd  ed.  (1887),  p.  80. 
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•ti  Mit  An*  «■!  Mr  kgr^fradncts  lo  oh 
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:  mainly  the  outcome  of  the  independent 
••t^an  technologists,  MM.  Evence  Coppfe  and 
.  whose  inventions  in  this  connection  date  back 
introduced,  as  an  improvement  upon  the  old 
'non-recovery"  narrow  rectangular  oven  in 
e  of  coal  was  carbonised  at  high  temperatures, 
burning  the  resulting  gases  and  volatile  matter 
Hues  into  which  was  also  admitted,  under  proper 
^  •  necessary  air  supply.  The  coke  was  subsequently 
the  oven  e>i  masse  by  a  ram  and  quenched  outside 
,  ■.  h  CoppOe  ovens  were  put  down  in  the  Sheffield 
73,  and  in  the  following  year  another  sixty  were 
>uth  Wales.  Eventually  some  20,000  of  them  were 
iy  on  the  Continent,  but  largely  also  in  Great  Britain 
>uth  Wales)  and  the  United  States,  and  some  of  them 
operation.  The  Copp^  Company  has  developed 
d  the  original  design  for  by-product  recovery  purposes 
:L-rative  heating  arrangements^ 

lIso  (1866  to  1873),  in  conjunction  with  Knab,  adopted 

:  pie  of  heating  narrow  rectangular  chambers  by  means 

inbustion  of  gas  in  longitudinal  side  flues  as  well  as  in 

tlues,  with  the  object  of  attaining  both  higher  tem- 

js  and  a  more  uniform  heat  distribution.     He  succeeded 

V  in  shortening  the  carbonising  period,  but  also  in  improv- 

quality  of  the  resulting  coke.     And  when,  in  1881,  the 

.r.  Henry  Simon,  of  Manchester,  supplemented  the  Carv^ 

I  by  introducing  a  heat  recuperator,  whereby  the  air  re- 

1  for  burning  the  gas  in  the  side  flues  of  the  oven  was  pre- 

■•d  at  the  expense  of  part  of  the  sensible  heat  in  the  burnt 

•  acts  from  the  flues,  the  Simon-Carvfe  system  emerged  as 

immediate  precursor  of  the  modem  by-product  oven. 

>uring  the  years  1880-5  several  other  similar  systems  were 

mght  out  in  Belgium  and  Germany,  among  which  may  be 

mtioned  those  of  Semet-Solway,  Hussener,  Liirmann,  Otto  and 

runck,  with  the  result  that  the  practice  of  coking  coal  in  the 

■ew  types  of  narrow  rectangular  ovens,  with  some  form  of  heat 

ecuperation,  and  of  recovering  condensable  by-products  and 

ammonia  from  the  gas  before  it  was  burnt  in  the  oven  flues, 

r  -led  and  developed  on  the  Continent,  and  soon 

1  universal  there. 

lods  were,  however,  very  slowly  adopted  both  in 
'  Qd  America,  in  spite  of  th«  lai^  profits  to  be 
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gizxd  oat  oi  bv-Fci>iart  reco^wy,  owine  mainly 
<iirc  air^iiy  rtisrrrd  to  aeainst  by-product  cc-iu 
Qzly  be*a  trai-iilh-  o^Tn:ome  as  eiperjence  deia 
p!:^ir>i>ss:K^.  It  may  be  said  tbat,  except  foi 
ff:c-;.-t  ir^tilliacns  hen  and  there  in  the  North 
DO  er^xt  t^iiway  W35  Dud«  in  this  coiintr>-  unal 
<jf  the  ftrwst  centcry. 

\\"i;h  rtsard  to  the  United  States,  the  Britiili 
Commiiikn  which  visited  that  country  and  si;b; 
ported  upon  "  .^merican  Industrial  Conditions  and  C 
in  the  >-ear  1003.  stated  that  by-product  colce  was 
unknown  in  the  Cc«nells\-il]e  region  which  supplies  1 
furnaces,  aJihtrngh  in  other  districts  it  was  mafa 
At  the  end  of  looo  there  were  in  the  United  State 
only  1085  by-product  o\-ens  built,  the  oatpat  of 
coke  in  that  year  being  no  more  than  1.075.727  tc 
total  production  of  20,533,348  tons  (or  say  i  in  20). 
jre^Tou'Iy,  the  proportion  of  by-product  coke  hac 
ij  03S  out  of  a  total  of  11,788,773  tons  (or  say  O-J 
Among  ttie  more  important  technical  de^"eJc>prn< 
recent  years  in  c-.-cneciion  with  by-product  cotfr 
may  be  inentk~ai~d :  u)  the  substitution  of  "  reg' 
similar  to  tht>fe  e:rpio>-ed  in  open-hearth  steel  funu 
Siemens  Xypf.  iv>r  the  olJer  "  recuperator,"  as  a  mor 
means  of  uiili>ir£  the  serviceable  beat  of  the  hot  produi 
the  combustion  S-^es  of  the  owns,  and  of  increasing  t± 
of  gas  available  i.T  ottsJde  purposes;  (b)  the  total  r 
tar  from  the  b^^t  ir*!**  by  means  of  a  tar  spray  at  a  tei 
abo\'e  their  dew  pn^t.  ci.^mbined  with  the  direct  re 
ammonia  (as  sulrhjtel  on  tt»e  main  gas  circuit;  ar 
TtfOwrTi"  of  napb'.liiiene  whkh  was  rendered  feasibl 
lioption  of  ^^l.  t.-«:e:ber  «iih  impro^iements  in  the  re 
■XT^^  from  the  gii 
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PKiJCESSES 

ui  ii».a":j^,  :_j  :::.:i-h  ::>jre  econumii:: 

l9>-I*DdKt  sjrflttts  tku   the  older  bednn 

Itiy  bsw  s^awtbd.  tike  artbor  canaot  do  bi 

dW>*  fivn  by  his  frimd,  and 
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a.     t:o 


^Lx^xxest  Bury.  M.Sc,  formerly  of  the  Brackley  Coke 
of  the  SkinningTove  Iron  Co.  Ltd.,  who  has  done 
promote  sound  knowledge  of  the  subject  among 


TABLE  LXVII 

HSTIMATS  OF  THE  RbLATIVB  YiBLDS  OF  PRODUCTS  FROM 

Containing  30  per  cent,  of  Volatile  Matter 


Types  of  Ovens. 


Beehive. 


By-product. 


^Tak.tixis  Conditions    . 


{a)  Coking  cham- 
ber heated 
by  the  com- 
bustion of 
gas  and  vo- 
latiles  within 
it. 


(6)  Air  admitted 
into  oven. 

{c)  Coke  quenched 
insiae  the 
oven. 


(a)  Coking  cham- 
ber heated 
exUmmllyhy 
combustion 
of  gas  from 
which     by- 

groducts 
ave     been 
extracted. 
Air  excluded 
from  oven. 
{c)  Coke  quenched 
outside    the 
oven. 


(6) 


Percentage  (  Coke  .... 
fields      I  Tar     ...      . 
in  Dxy      |  Crude  Benzol 
Coal       \  NH,  as  Sulphate 


56-0 
nil 
nil 
nU 


70*0 
4*o  to  4'5 

I'O 
I'O  to  1*2 


Waste  Heat 


\ 


Usually  not  util- 
ised, but  approx- 
imately equal 
to  the  evapora- 
tion of  o*75  ton 
of  water  per  ton 
of  coal  carbon- 
ised. 


Always  utilised : 
equal  to  x  ton  of 
water  evapor- 
ated per  ton  of 
coal  carbonised. 


Surplus  Gas 


nil 


2000  to  5000  cub. 
ft.  per  ton  of 
coal  carbonised. 


With  regard  to  the  above  data  it  may  be  observed : — 

(i)  that  the  absolute  figures  given  for  coke  yields  apply  to  a 
coal  supposed  to  contain  30  per  cent,  of  volatile  matter ; 
for  a  typical  Durham  coking  coal  containing  25  per  cent. 
t,.vUt;i..e   ♦iigy  would  be  65  per  cent,  for  beehive  and 

for  by-product  ovens. 
(i  \t  of  "surplus  gas"  available  depends  on 

xansfer  of  heat  from  the  hot  burnt  gases 
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^na(  the  <»«■  o 
r=  la  iray  to  the  I 
I  teu  iiiiiii^*«<wi  (WmIc  Httt  0«Ki 
79  fi^aNnriirs  staBar  to  tfaow  t^iffc^Kxi 
'Wi  fvBKcs  (Reeocntive  Ovoai^     1 
■>vnH  ifae  sorplns  gas  does  mt  cSEBirf 
ntefeu  in  Regeoefativc  Oveu  il  as  sd 
Moa  cnb.  H.  per  too  of  cool  caiboHH^ 
-I  ttot  tiieai{iiR  tor  the  yield  of  UrtcoasaH^n 
acM  North  of  Eogluid  Coking  Coabat  v^  1 
rs  and  3'8s  per  cent.    (See  Table  ULIX I 
Oq  tbr  tan  of  piices  preruting  before  iJbe  aa 
ttc.  Baqruiliniiiiil  the  gross  and  net  values  of  fmm 
1  to  be  as  follows : — 


njiuinn  Sulphate 
'  :utieBenx»l  at  ^d. 


I  LOO  TuR*         .     £22     6     o     ^4  t6     6 


i 


# 


->aauite   ttie  net  profit  pcf  : 

-lual  to  3s,  M.,  to  uhicfa  sfaon 

orpins  gas,  reckon^  at  yd.  per 

'  l^cor  in  mind  thnt  a  much  la: 

:  product  than  in  b««hi%-e  ovn 

>.;[y  of  by-product  c«ke  as  a  t 

T  C.  Hutcliiiiann,  Managing 

!■  '_"t> ,  who  during  tlic  past  for 

..  i,xpirrien<:«;  in  smeltine  CU:%-ela 

ii  rr<-ently  assured  me  in  writ 

-_■  '■.■  by-product  coke  at  the  i 

■   1 -fy  aMcctcd  the  confiutnpt 

'ill-  exct^jitionaily  low  c 

-^:ll[li^K^ovc  furnaces  (: 

.  [.iiiHliiccd)  of  coke  r 

.i-:is  from  an  uninti/i 

I   lo  to  n  pet  cent,  o 

■.iivc  proof  that  "  by-| 

;  -  "  coke  as  a  blast-fu 
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lis  connection,  however,  it  should  be  understood  that 
ality  of  by-product  coke  varies  according  to  the  nature 

coal  from  ivhich  it  is  produced,  and  therefore  that  com- 
iis  made  between  cokes  from  different  localities  are  apt  to 
sLeadiiig.  Thus,  for  example,  a  by-product  coke  from  a 
.  Yorkshire  coal  would  probably  prove  to  be  decidedly  less 
inical  in  the  blast  furnace  than  the  best "  beehive  "  Durham 

although  the  latter  will  not  be  superior  to  the  coke  made 

the  same  Durham  coal  in  a  by-product  oven.  What  the 
er  must  understand  is  that  there  is  no  longer  any  ground 
supposing  that,  from  one  and  the  same  coal,  "  beehive  "  has 

ixiherent  superiority  over  "  by-product "  coke  as  a  blast 
lace  fuel. 

>ne  great  advantage  which  the  "  by-product "  possesses  over 
I  "  beehive  "  oven  is  that  by  admitting  of  the  compressing  of 
£  coal  before  it  is  charged  into  the  oven,  it  enables  inferior 
lalities  of  coal,  which  it  would  be  impossible  to  coke  with  good 
suits  in  a  beehive  oven,  to  be  utilised  for  the  manufacture 
[  a  satisfactory  metallurgical  coke.  This  applies  particularly 
0  Scottish  coals,  but  compressing  any  coal  of  inferior  coking 
>roperties  before  charging  it  into  the  oven  will  always  be  found 
to  improve  the  quality  of  the  resulting  coke,  making  it  harder 
and  denser.  Such  compression  is  best  done  with  a  "  washed  " 
coal,  because  a  moisture  content  of  not  less  than  9  per  cent,  is 

necessary  to  ensure  the  cohesion  of  the  small  particles  of  crushed 

coal  in  a  solid  block  or  "  cartridge  "  so  that  it  does  not  fall  to 

pieces  when  being  pushed  into  the  oven. 

Progress  in  the  By-product  Coking  Industry  in  Great 

Brttain  since  1900 

As  already  stated,  by-product  recovery  methods  made  sur- 
prisingly little  headway  in  this  country  until  the  beginning  of 
the  present  century,  but  from  about  the  year  1903  progress 
became  much  more  rapid,  as  the  following  figures  indicate : — 

British  By-product  Coking  Plants. 


Year. 

Estimated  Mill. 
Tons  of  Coal 
Carbonised. 

Tons  of  Am* 

monium  Sulphate 

Produced. 

No.  of  Beehive 

Ovens  in 

Operation. 

1903      . 
1908      . 

1913      . 
I916      . 

.      6-45 

.    I3-3* 
.    14-60 

17.435 
64,227 

133,816 

159.506 

13,162 
6.892 

3" 


'.1  ^.'.-z  rrs  scjESTiFic  uses       \ 

■    w    .^.zz-^z  N-"'-~'-  'j<rr".?ry  in  ti«  or  u-,   1 

-a    -t  .\4cheii.*  a.-Ji-r:ii:m=£Tbea.'-i:jL    | 
-r^  -3  rnis  respect  was  ir  i.:na*  EKi53E  2n:r^v_ 


L  Britain.     Cvrattsj.       Gr  fn=^ 


.';ii:ie  that  at  the  present  tinit  i:.--.;  i- 
ii  carbonised  for  metaliiirpra]  c:ii  z  '■:-.■ 
.eiit  with  in  by-product  o\-«is,  ani  s-.i  '^ 
a  -inparted  by  war  conditi:ii»,  liai  i  ~ 
j,::izs  when  the  old  beehiv^e  oveie  <.'■-■ 
1  icre  as  they  have  been  for  so  marj  wi:;^ 
t-i'i  G^maay, 

-.-Eiber  1917.  about  8700  by-pr«f:.-:--.' 
-,,'-  ^  :peratioa  in  the  United  Kingdrm. »■■ 
.i;;i=K:  capacity  of  17-5  million  tonsoJ:. 
■--<.  .r^^itit  3500  were  of  the  regeneranvt  '..-■^ 
-.  ■*  :ui  benzol  recovery  arrangements.   A.-:: 
.  ic  '•fere  in  course  of  construction,  all  c:  "•-. 
-    Tvcuble  that  before  long  the  nimibe.-.- 
_   -e  ^  large  as  10,000,  witli  a  total  ii- 
s  of  coal  per  annum.    indi'rO, 
.-.-.nx  the  war,  together  with  the  fac; 
1   ■(  ,iur  plants  are  of  the  most  mrfJii 
■I  hi'ping  that  our  coiing  indu^ines 
w\i   to   fall    behind   those  f>f  '^ 

itioned  20  million  toro  "1    ) 

iBgeueiative  by-prvduct  OKta,    { 

values  of  the  by-produel     ; 

\ 
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and  surplus  gas,  based  on  pre-war  standards,  would  be  « 
follows : — 


600,000  tons  of  Tar  at  185.    . 
220,000  tons  Ammonium  Sulphate  at  £12 
60  Mill  Galls.  Crude  Benzol  at  5^. 
100,000  Mill.  Cub.  Ft.  of  surplus  gas  at  3d. 


Gfoas. 

Kct 

£ 

£ 

540,000 

480.00c 

2,640,000 

2,100,QiYj 

1,250,000 

875.OCP 

1,250,000 

1,250,00c 

Total  =  £5,680,000    £4.705,0'^ 


mami 


With  regard  to  America,  it  has  been  reported  ^  that,  at  the 
end  of  1915,  there  were  in  the  United  States  6268  by-pcodcct 
coke  ovens  already  built,  and  1191  more  in  course  of  constructioiL 
And  in  a  paper  read  by  T.  C.  Clarke  before  the  New  York  Section 
of  the  Society  of  Chemical  Industry  in  1916,*  it  was  stated  that 
as  soon  as  all  the  new  ovens  then  being  built  were  in  full  open- 
tion,  the  possible  production  of  by-product  coke  in  the  United 
States  would  amount  to  24  million  tons  per  annum,  although  it 
was  admitted  that  neither  tar  nor  ammonia  recovery  then  had 
become  so  good  as  in  either  Great  Britain  or  Germany. 


BiUTiSH  CoKiNO  Coals 

Fortunately  for  the  prospects  of  our  metallurgical  industries, 
we  have  in  this  country  a  wide  range  of  good  coking  coals,  although 
the  probable  supplies  of  the  very  best  kinds  are  not  unlimited, 
a  circimistance  which  should  make  us  all  the  more  careful  to 
use  them  economically  and  to  the  best  advantage. 

In  Table  LXVIII  are  recorded  the  results  of  comparative 
Laboratory  Trials  of  a  niunber  of  a  series  of  fourteen  repre- 
sentative British  Coking  Coals,  which  may  serve  to  indicate 
their  relative  values. 

Finally,  the  average  yields  of  coke  and  by-products  actually 
obtainable  from  British  coking  coals  of  different  origin  by  the 
most  up-to-date  recovery  methods  may  be  taken  to  be  approxi- 
mately as  follows : — 

^  Iron  and  Coal  Trades  R§vi§w,  Feb.  1917. 

>  M§UUlurgical  and  Chemisal  Engineering,  1916,  Vol.  XIV.,  p.  502. 
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TABLE  LXIX 

,  Calculated  upon  thb  Weight  of  Dry  Coal 
Obtainable  from  British  Coking  Coals 

^vi^  Of  Coal. 

Coke. 

Anhydr- 
ous Tar. 

Crude 
Benzol. 

Refined  rAmmonium 
Benzols.     Sulphate. 

^OT-lt3liire    . 

750 
70*0 
70'0 
8o-o 
68'0 

385 
3.62 

3-50 

2'62 
325 

0-93 
1-37 

I'20 

o-6o 
©•70 

0-56 

I'OO 

0-84 
0-35 

I'l6 

1-35 
1-25 

0'95 

I'OO 

Modern  By-product  Coke  Ovens 

rtie  modem  by-product  coke  oven  is  a  rectangtdar  chamber 

:>TCi  30  to  33  ft.  long,  6  to  9  ft.  high,  and  from  17  to  22  in.  wide, 

ith  side  and  bottom  heating  flues.    It  is  closed  at  each  end  by 

cast-iron  or  steel  firebrick-lined  door,  which  is  lifted  by  a  small 

raiie  whenever  the  contents  of  the  oven  are  discharged.    There 

"X^  usually  three  equidistant  circular  holes  in  the  roof  through 

ivhich  the  coal  is  charged  into  the  oven  from  hoppers,  and  into 

^  fourth  hole  near  the  front  is  fitted  an  iron  "  ascension  pipe," 

through  which  the  gases  and  volatile  matter  expelled  during  the 

carbonising  period  are  led  into  the  tar-sealed  "  hydraulic  main  " 

which  runs  along  the  whole  battery  of  ovens  much  as  in  gas-works 

practice  (q.v). 

In  most  British  and  Continental  plants  the  oven  linings  and 

combustion  flues  are  constructed  of  special  bricks  which  are 

manufactured  from  a  mixture  of  a  high-grade  fireclay  and  some 

siliceous  material  such  as  ganister.    The  finished  bricks  should 

contain  not  less  than  80  per  cent,  of  silica,  upwards  of  14  per  cent. 

of  aluimna,  not  more  than  2  per  cent,  of  iron  oxide,  whUe  the 

alkalies  should  be  less  than  1*3  per  cent.,  and  the  lime  and 

magnesia  each  less  than  0*5  per  cent.    In  the  United  States, 

silica  bricks  containing  92  to  96  per  cent,  of  silica,  2  to  3  per  cent. 

of  alumina,  and  1-3  to  2-5  per  cent,  of  lime,  are  extensively 

employed  on  account  of  their  superior  heat  conductivity.    Such 

highly  siliceous  bricks,  however,  have  so  far  not  been  favoured 

by  British  coke  manufacturers,  whoconsiderthat  a  more  aluminous 

brick  is  more  durable,  especially  with  coals  whose  moisture 

content,  when  charged  into  the  oven,  exceeds  about  7  per  cent. 

The  design  of  the  side-heating  flues  varies  in  different  ovens ; 
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in    the    Simon-Carves    (waste-heat),    Seme t-Sol way, 
and  Simplex,  they  are  horizontal,  whilst  in  the  Copp^.  Koppers, 
Otto,  and  Simon-Carvfe  (regenerative),  they  are  vertical.    Also 
the  details  of  the  arrangeinents  (or  distributing  and  burning  the 
gas  (after  all  the  condensable  products  and  ammonia  have 
removed  from  it)  in  the  heating  flues  vary  in  the  different  desij 
In  all  cases,  however,  the  air  required  for  combustion  is 
heated,  at  the  expense  of  part  of  the  sensible  heat  in  the  bi 
gases  passing  away  from  the  ovens,  before  it  enters  the  coni'i 
bustion  flues. 

The  ovens  are  built  in  batteries  of  from  25  to  60  units.  Each 
oven  carbonises  a  charge  of  about  8  to  12  tons  of  coal  in  from 
28  to  36  hours,  and  a  battery  of  60  ovens  will  take  about  2500 
to  3000  tons  of  coal  and  produce  from  1750  to  2200  tons  of  coke 
per  week. 

The  method  of  charging  the  ovens  depends  upon  the  nati 
of  the  coal.  In  most  cases  small  slack  or  crushed  coal  from 
the  "  dirt  "  has  been  removed  in  a  "  washery  "  is  used,  and 
is  important  from  the  point  of  view  of  heat  economy  that 
should  be  drained  until  its  moisture  content  has  been  redui 
to  below  6  per  cent,  before  being  charged  into  the  oven,  except 
where  the  coal  is  to  be  compressed,  when  the  moisture 
be  reduced  to  9  per  cent. 

The  hard  coking  Durham  or  Welsh  coals  are  usually  allowed 
to  flow  loosely  from  the  hoppers  into  the  oven  through  the  afore- 
said holes  in  the  roof,  the  charges  being  subsequently  levelled 
by  a  mechanical  device  introduced  through  one  of  the  end  doors. 
In  the  case  of  the  less  strongly  coking  coals  of  S.  Yorkshire 
and  Lancashire,  the  crushed  coal  is  compressed  by  a  mechanical 
stamping  machine  in  a  WTot  steel  box  sUghtly  less  in  size  than 
the  oven  chamber,  and  thrust  en  bloc  into  the  oven  as  a  solid 
cartridge  through  the  front  doorway  on  the  movable  bottom 
of  the  box  which  forms  the  charging  peel.  At  the  end  of  the 
carbonising  period  the  coke  is  discharged  from  the  ovens  by  an 
electrically  driven  ram  on  to  a  sloping  bench  where  it  is  quenched 
by  water,  Plate  IV  is  a  back  view  of  a  battery  of  Otto 
showing  the  coal  bunker,  hydraulic  main,  quenching  apparatus 
and  the  sloping  bench  in  which  the  quenched  coke  is  drained. 

It  is  of  the  utmost  importance  that  the  heating  of  the  ov 
should  be  uniform,  and  that  after  the  introduction  of  a  fresh 
charge  the  temperature  of  the  coal  should  be  raised  as  rapidly 
as  possible.  And  inasmuch  as  the  heat  is  appUed  from  both  of 
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sid^    'wralls  of  the  oven  the  charge  is  carbonised  from  each 

"toAvaLTds  its  middle  plane. 

ox  d.et:ails  of  the  design  of  the  principal  coke  ovens  used 
ireat  Sritain  the  reader  is  referred  to  the  late  Mr.  G.  Stanley 
>peT'^  l3ook  on  By-product  Coking  (Benn  Bros.  Ltd.,  London, 
7).  Through  the  courtesy  of  his  publishers  the  author  is 
^e  t-O  reproduce  here  the  following  diagrams  of  the  Otto 
g^enerative  and  Waste  Heat  ovens  respectively  (Figs.  44  to  47 
AMsive),  as  typical  examples  of  modem  coke-oven  construc- 
m,  'which,  together  with  the  foregoing  descriptive  matter,  will, 
AS  hoped,  enable  the  reader  to  understand  the  main  features 

the  general  design. 

Direct  Recovery  Systems 

Up  to  a  few  years  ago  coke-oven  engineers  were  content  to 
ollow  the  main  lines  of  the  older  gas-works  practice  in  regard 
o  the  arrangements  for  the  cooling  of  the  gas,  the  condensation 
uid  removal  of  tars,  and  the  recovery  of  ammonia  (as  sulphate) 
from  the  crude  products.  The  first  attempt  to  depart  from 
these  lines  was  made  by  F.  Brunck  of  Dortmund,  who  endeavoured 
to  absorb  the  ammonia  by  a  "  direct "  method,  on  the  main  gas 
circuit,  by  passing  the  hot  gases  through  sidphiuic  acid.  But 
inasmuch  as  he  did  not  first  of  all  remove  the  tar,  he  was  unable 
to  make  a  good  salt,  and  his  efforts  came  to  nothing. 

Koppers's  Process, — Subsequently  H.  Koppers  of  Essen  devised 
a  "  semi-direct "  process  for  the  recovery  of  anunonia,  in  which, 
after  condensing  all  the  tars  and  much  of  the  moisture  from  the 
gas,  the  latter  was  passed  (i)  through  pipes  externally  heated 
by  hot  waste  gas  from  the  oven  in  an  apparatus  (called  the  heat 
exchanger)  in  order  to  raise  its  temperature  well  above  the  dew 
point,  and  thence  (2)  direct  into  a  "  sidphate  saturator "  con- 
taining sulphiuic  acid,  into  which  was  also  passed  the  ammonia 
distilled  in  the  ordinary  way  by  means  of  steam  and  lime  from 
any  liquor  made  in  the  condensers.    In  this  way  all  the  com- 
bined and  "  free  "  ammonia  in  the  gas  leaving  the  ovens  was 
converted  into  sidphate  in  a  saturator  on  the  main  gas  circuit. 
And  inasmuch  as  (i)  the  gas  passes  into  the  saturator  at  a  tem- 
perature weU  above  its  dew  point  and  (2)  the  reaction  between 
the  ammonia  and  sulphuric  acid  in  the  saturator  is  exothermic, 
dilution  of  the  tiqyor  in  the  saturator  may  be  prevented  so  that 
the  separation   of    solid    ammonium   sulphate    may   proceed 
continuously. 
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The  Otto  Direct  Recx)very  Process 

A  further  advance  was  made  by  the  Otto-Hilgenstock  Company 
of  Dahlhausen  in  their  new  "  Otto  Direct  Recovery  Process,"  of 
which  an  outline  will  now  be  given.  Briefly,  it  consists  in 
extracting  all  the  tar  from  the  hot  gas  above  its  dew  point,  and 
then  forcing  the  tar-free  gas,  without  any  re-heating,  through  a 
saturator  in  the  main  circuit  containing  dilute  sulphuric  acid, 
under  conditions  such  that  the  natural  heat  in  the  gas,  aided 
by  the  exothermic  interaction  of  the  ammonia  and  sulphuric 
acid,  keeps  the  volume  of  the  absorbing  liquor  constant  so  that 
the  separation  of  ammonium  sulphate  proceeds  continuously. 

Such  a  method  of  "  direct  recovery  "  entirely  dispenses  with 
the  use  of  water  coolers,  ammonia  scrubbers,  lime  mixer  and 
ammoniacal  liquor  stills,  and  waste  liquor  tanks,  reduces  the  loss 
of  ammonia  to  a  minimum,  economises  space  and  labour,  and 
avoids  the  making  of  deleterious  efiluents  which  formerly  were 
such  a  serious  source  of  trouble. 

The  process  is  represented  diagrammatically  in  Fig.  48.  The 
crude  gas  leaves  the  ovens  by  means  of  the  usual  ascension 
pipes  and  thus  enters  the  hydraulic  main  through  which  tar  is 
continuously  circidated,  in  order  to  remove  any  heavy  tars  or 
pitchy  matter  deposited  therein.  From  this  point  the  gas 
travels  through  a  long  horizontal  overhead  "  air  cooler,"  A, 
whose  real  function  is  to  cool  the  hot  gas  down  to  a  temperature 
just  a  little  above  its  dew  point,  which  naturally  varies  according 
to  the  amount  of  moisture  which  the  gas  carries  over  with  it 
from  the  ovens.  The  amount  of  cooUng  necessary  therefore 
depends  somewhat  upon  the  nature  of  the  coal,  but  chiefly  upon 
its  moisture  content  when  charged  into  the  ovens. 

Recovery  of  Tar  and  Ammonium  Chloride, — ^After  leaving  the 
air  cooler,  the  gas  passes  on  to  the  "  tar  extractor,"  B.  It  is 
here  met  by  a  large  volume  of  hot  tar  and  liquor  which  is  pumped 
into  the  apparatus  and  forced  "  injector-wise  "  through  a  narrow 
nozzle  under  a  high  pressure,  in  such  a  manner  that  it  is  broken 
up  into  a  fine  spray.  The  crude  gas  is  drawn  into  the  apparatus 
by  this  "  injector  "  action,  and  the  sprayed  tar  and  liquor  dash 
against  the  small  tar  vesicles  contained  in  the  gas.  This 
mechanical  spraying  of  the  gas,  together  with  the  solvent  action 
of  the  washing  medium,  residts  in  the  complete  removal  of  tar, 
including  tar  fog,  from  the  gas,  which  passes  out  of  the  extractor 
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a  {Perfectly  clean  condition.  Also,  it  should  be  noted  that  if 
salty  "  coal  is  being  carbonised,  so  that  the  crude  gas  contains 
ximonium  chloride,  the  latter  may  be  removed  at  the  tar 
>ra.ys  a,s  a  fairly  strong  aqueous  solution.  Indeed,  "  fixed 
nrnnonia"  generally  may  be  removed  at  this  point  provided 
ae  temperature  conditions  are  such  as  will  allow  of  the  con- 
densation of  a  small  amount  of  liquor  in  the  apparatus.  From 
his  tlie  importance  of  a  perfect  control  of  the  temperature  of 
Yie  gas,  both  in  entering  and  leaving  the  apparatus,  will  be 
mderstood.  A  photograph  of  the  "  tar  sprayers,"  as  they  are 
ialied»  is  reproduced  in  Plate  V.  The  tar  extracted  from  the 
'as  overflows  into  the  tar  deposit  tank,  C,  which  also  serves  to 
recover  any  tars  which  separate  out  in  the  long  "  air  cooler," 
A,  already  referred  to. 

Recovery  of  Ammonia. — ^The  tar-free  gas,  which  still  contains 

the  free  ammonia,  benzol,  and  nearly  the  whole  of  the  naphthalene 

and  ^water  vapour,  passes  onwards,  at  a  temperature  (say  between 

65  and  75°  C.)  so  regulated  as  to  be  near  to  (but  not  below)  its 

dew  point,  into  the  large  enclosed  "saturator"  D  (see  also 

Plate  VI),  containing  a  hot  saturated  solution  of  ammonium 

sulphate  plus  an  excess  of  sulphuric  acid.    In  this  apparatus, 

which  is  lead-lined  and  cased  in  a  cast-iron  framework,  the  gas  is 

divided  into  a  very  large  number  of  small  streams,  and,  under  the 

suction  of  an  exhauster,  K,  applied  at  a  point  further  along  the 

system,  it  is  drawn  through  the  seal  of  the  acid  liquor,  whereby 

all  the  ammonia  is  removed,  and  precipitated  as  sulphate  in  the 

coned  bottom  of  the  saturator.    The  exothermic  reaction  serves 

to  keep  the  temperature  of  the  gas  above  the  dew  point,  so  that 

no  condensation  of  steam  occurs  in  the  saturator.    The  salt  is 

mechanically  and  continuously  ejected  from  the  apparatus  by 

means  of  compressed  air,  together  with  a  certain  amount  of 

solution,  into  the  cone-shaped  receiver,  £.     The  ammonium 

sulphate  crystals  settle  to  the  bottom  of  this  receiver,  whilst  the 

hot  mother  liquor  overflows  from  the  top  and  finds  its  way  back 

into  the  saturator.    When  this  cone-shaped  receiver  is  full  of 

the  crystallised  sulphate  it  is  passed  into  a  centrifugal  dryer,  F. 

In  this  machine  the  sulphate  is  made  thoroughly  dry  in  about 
three  minutes,  the  mother  liquor  thus  extracted  mixing  with 
the  above-mentioned  mother  liquor  and  with  it  flows  back  into 
the  saturator,  whikt  the  dried  sulphate  of  ammonia  is  dropped 
through  the  bottom  of  the  centrifugal  machine,  sufficiently  dry 
to  be  immediately  bagged  and  shipped  or  put  into  stock,  as  shown 
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at  G,  in  the  diagram.    A  photograph  of  the  saturator  is  repro- 
duced in  Plate  VI. 

Recovery  of  Naphthalene, — ^The  gas  from  the  saturator,  which  is 
now  freed  from  both  ammonia  and  tar,  but  still  containing  the 
benzol,  moisture  and  naphthalene,  passes  through  a  lead-lined 
catch  pot  (not  shown  in  the  diagram,  but  whose  situation  prevents 
all  fear  of  any  acid  spray  being  carried  over  from  the  saturator) 
and  on  to  the  naphthalene  extractor  and  spray  cooling  tower,  H. 
This  tower  is  quite  devoid  of  any  filling  or  apparatus,  but  at  the 
top  there  are  several  jets  through  which  cold  water  is  sprayed 
at  high  pressure.  The  action  of  this  mass  of  finely-divided  cold 
water  beating  suddenly  on  to  the  hot  gas  produces  a  rapid  chill, 
which,  together  with  the  concussion  brought  about  by  the  water, 
precipitates  and  washes  out  practically  all  the  naphthalene, 
which  flows  away  along  with  the  water  into  a  catch  tank  beneath 
this  apparatus.  The  naphthalene  is  filtered  oS  whilst  the  water 
can  be  either  allowed  to  flow  away,  or  re-cooled  and  used  over 
again  continuously,  as  circumstances  permit.  This  tower  also 
serves  the  purposes  of  cooling  the  gases.  It  is  necessary  to  ex- 
tract the  naphthalene,  otherwise  it  would  pass  on  to  the  Benzol 
Scrubbers,  where  it  would  be  dissolved  by  the  Benzol  Wash  Oil, 
which  would  very  soon  become  saturated  with  naphthalene  and 
rendered  useless  for  the  purpose  of  collecting  benzol.  The 
naphthalene  thus  extracted  is  of  a  pale  yellow  colour,  and  is 
readily  sold  in  this  country  for  505.  a  ton,  which  more  than  pays 
the  cost  of  running  this  part  of  the  Plant. 

Recovery  of  Benzols. — The  gas  now  being  cooled  but  still  con- 
taining the  benzol,  passes  through  the  exhauster,  K,  and  a  second 
water  cooler,  L,  which  takes  out  the  last  traces  of  moisture, 
and  thence  to  the  benzol  scrubbers,  MM,  which  vary  in  number 
according  to  the  size  of  the  plant.  These  scrubbers  are  from 
about  fifty  feet  to  seventy  feet  high,  the  lower  portion  forming  a 
reservoir  for  the  circulating  benzol  wash  oil,  and  the  remaining 
portion  being  filled  with  wooden  grids.  Benzol  wash  oil  is 
constantly  circulated  downwards  over  these  grids,  the  gas  having 
to  pass  upwards  through  them.  By  this  means  the  gas  is  brought 
into  very  intimate  contact  with  the  oil,  with  the  resulting 
absorption  of  the  benzol.  After  leaving  these  scrubbers  the  gas 
passes  either  wholly  back  to  the  ovens,  or  in  the  case  of  Regenera- 
tive ovens,  about  one  half  of  it  returns  to  the  ovens,  and  the 
other  half  is  used  either  for  firing  boilers,  town  lighting,  operating 
gas  engines,  or  any  other  purpose. 

A  fuller  account  of  the  process  is  given  in  a  paper  by  Kr.  £. 
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cy  l>efore  the  Institution  of  Mining  Engineers  in  the  year 
'4»  from  which  the  following  temperatures  of  a  plant  at  New 
uxcepeth  Colliery  (Co.  Durham)  are  taken ; — 

Cent.*  Cent.* 

'draulic  Main    .         ,     225®  In  Saturator  .  •     67® 

fore  Tar  Extraction  .      86°  After     „  .  .58° 

ter        ,^  „  .      58°  After  Exhauster  .  .     66® 

Distillation  and  Rectification  of  Benzols.— The  "  Wash  Oil " 
»]:itaimxig  the  benzols  in  solution  is  sent  on  to  the  continuous 
rude  Benzol  Still,  N.  (Fig.  49),  where,  after  being  pre-heated 
y  the  hot  vapours  coming  away  from  the  still,  it  passes  down- 
f  axds  over  a  series  of  trays.  Dry  steam  at  about  100  lb.  pressure, 
educed,  however,  at  the  still  to  10  lb.  pressure,  is  delivered  into 
he  bottom  of  the  apparatus,  and  passing  upwards  bubbles 
hrough  the  Wash  Oil  liberating  the  benzol  hydrocarbons  which 
t  carries  over  into  the  condenser,  P.  Here  the  steam  and  benzols 
ire  condensed,  and  the  condensed  water  and  oil  separated.  The 
crude  benzol  then  either  passes  into  a  storage  tank,  or  (if  its 
rectification  is  to  be  carried  out)  into  the  "  Primary  Rectifying 
Still,"  S.  The  debenzolised  "Wash  Oil"  leaving  the  crude 
benzol  still  is  passed  through  the  Refrigerator,  R,  whence,  after 
being  cooled  down  to  the  atmospheric  temperature,  it  is  sent 
into  the  "  Oil  Storage  Tank,"  T,  and  from  there  it  is  used  over 
again  in  the  Benzol  Scrubbers. 

The  crude  benzol  is  first  of  all  fractionally  distilled  in  the 
Primary  Rectif}dng  Still,  S,  3000  to  5000  gallons  capacity  and 
intermittent  in  its  working,  in  which  it  is  heated  under  high 
pressure  by  means  of  steam  coils,  and,  with  the  aid  of  a  long 
dephlegmating  column,  it  is  separated  into  : — 

(i)  Crude  90  per  cent.  Benzol 

(2)  „      90    „      „    Toluol 

(3)  *»      90    M      M    Xylol 

(4)  »      90    „      „    Solvent  Naphtha 

Each  of  these  fractions  is  separately  condensed  and  pumped 
into  a  large  vessel,  V,  termed  the  Agitator,  where  it  is  successively 
treated  with  {a)  pure  strong  sulphuric  acid,  and  {b)  a  solution  of 
caustic  soda,  in  order  to  remove  all  resinous^  basic,  or  acidic 
substances.  Each  of  the  "washed"  fractions  is  finally  re- 
fractionated  under  reduced  pressure  in  the  "  Secondary  Rectify- 
ing Still,"  W,  and    the  re-distilled  resulting   fractions,  after  i 
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2-5 
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4-4 


Yifll  of  Gas   ccb.  ft. 
p^T  ten  of  Coal  . 


Caionfic  Vaioe  r 
of  Gas.  BTh  JGross 
Vs.   per  cob.-J 
ft.  at   I5»  C.I 
and  760  mm.  ^Xct 
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536-5 


475-7 


6ii-3 


5429 


Cq&ls 


C. 

50  p  c. 
S.  Yorks. 

50  p.  c, 
Dcfbvshire. 


Koppers*sRr> 
geooative; 
heated  by 
Mond  Gas. 


2*1 

7« 
2-9 

30*0 

50-0 

7-2 


12,640 


■  Sec  a  paper  on  *'  Recent  Developments  in  By-product  Coking,"  by 
Mr.  G.  Blake  WaUccr.     {P^oc.  Inti,  Civil  Engins^rs,  191 7.) 

328 


THE  CARBONISATION  INDUSTRIES 

^b^9%aolised  Gas.— The  amount  of  benzol  vapours  included 
ns  tJie  unsaturated  hydiwarbons  CnHm  in  the  above  Table 
Id  l3e  approximately  i  per  cent,  in  each  case,  and  the  effect 
amoving  them  would  be  to  reduce  the  calorific  value  of  the 
l3y  from  5  to  10  per  cent.  The  average  percentage  com- 
i.tioi:i  of  the  "  debenzolised  "  gas  from  typical  Durham  and 
LtYi  Yorkshire  coking  coals  is  somewhat  as  follows : — 

Calorific  Values  per 
cub.  ft.  at  15*  C. 
CO,     CO     C»H„     CH4        H,        N,  and  760  mm. 

-  ^  /  4846  gross 

irliam     2-3     65     20     250     53-0     95         1425-3  net 


Yorks    24     5-6     2-0     26-4     54*6     91 


1493-6  gross 
1434-2  net 


Atnouni  of  Surplus  Gas, — ^Assuming  that  with  regenerative 
.^ens  the  surplus  "  debenzolised  "  gas  per  ton  of  coal  carbonised 
xiounts  to  5000  cub.  ft.  the  corresponding  calorific  values 
vailable  for  outside  purposes  would  be  2,450,000  B.Th.Us. 
iross)  and  2,150,000  B.Th.Us  (nd)  respectively. 

With  a  battery  of  sixty  such  ovens  carbonising  1680  tons  of 
oal  per  week,  the  hourly  yield  of  surplus  "  debenzolised  "  gas 
vould  be  50,000  cub.  ft.,  at  15**  C.  and  760  mm.,  and  the  corre- 
>ponding  calorific  values  would  be  24,450,000  (gross)  and 
21,500,000  (net),  or  sufficient  to  generate  in  an  internal  com- 
bustion engine  2150  B.H.P.  continuously  day  and  night. 

Taking  the  country  as  a  whole,  and  assuming  that  the  whole 
of  the  20  million  tons  of  coal  now  annually  carbonised  for  metal- 
lurgical coke  were  dealt  with  in  regenerative  ovens,  the  net 
calorific  value  represented  by  the  surplus  gas  available  for 
outside  purposes  would  be  about  5000  million  B.Th.Us.  per 
hour,  day  and  night,  throughout  the  whole  year,  or  sufficient 
to  generate  about  500,000  B.H.P.  continuously   in   internal 
combustion  engines. 

The  most  effective  utilisation  of  such  a  huge  surplus  of  energy 
is  a  matter  of  the  highest  importance  to  the  nation,  and  there 
is  no  doubt  but  that  a  good  deal  of  the  coke-oven  gas  available 
from  existing  plants  is  not  being  used  to  the  best  advantage. 

So  far  as  the  manufacture  of  coke  for  the  heavy  structural 
steel  trade  is  concerned,  it  is  now  generally  agreed  that  the 
best  scheme  would  be  to  build  the  coke  ovens  alwa}rs  on  the 
same  site  as  the  blast  furnaces,  steel  works,  and  rolling  mills, 
so  that  the  surplus  gas,  together  with  that  generated  in  the  blast 
furnaces,  could  be  wholly  used  for  power  and  heating  purposes 
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in  connection  with  the  steel  works  and  rolling  mills.  This 
aspect  of  the  question  will  be  more  fully  dealt  with  in  a  subsequent 
chapter. 

A  large  proportion  of  our  by-product  coking  plants  have, 
however,  been  erected  either  (a)  at  the  collieries,  away  from 
the  ironworks,  or  (b)  adjacent  to  the  blast  furnaces,  but  away 
from  the  steel  works  and  rolling  mills.  In  such  cases  the  surplus 
gas  cannot  as  a  rule  be  wholly  utilised  on  the  spot,  and  outside 
uses  for  it  must  be  found. 

Among  the  more  obvious  directions  in  which  the  surplus  gases 
from  such  plants  can  be  utilised  to  good  advantage  may  be 
mentioned : — 

(i)  For  Steam  Raising  and  Power  Purposes. — ^By  burning  the 
gases  in  the  tubes  of  a  Bonecourt  Boiler,  on  the  principle  of 
"  surface  combustion,"  it  is  possible  to  transform  92  per  cent, 
of  the  nel  heat  of  combustion  into  the  energy  of  steam  which  can 
be  either  (a)  converted  into  mechanical  power  by  means  of  a 
steam  turbine,  or  (b)  used  for  evaporative  purposes  in  connec- 
tion with  chemical  operations.  Or,  power  may  be  generated 
from  the  gases  by  means  of  large  internal  combustion  engines, 
with  a  thermal  efficiency  of,  say,  from  20  to  25  per  cent.  («.  e.  from 
net  calorific  value  of  the  gas  to  B.H.P.  at  the  engine).  And  by 
suitable  combinations  of  either  (c)  boilers,  turbines,  and  dynamos, 
or  (d)  gas  engines  and  dynamos,  electrical  energy  can  be  generated 
at  a  very  low  cost.  Many  collieries  now  generate  from  their 
surplus  coke-oven  gases  (or  waste  heat)  sufficient  power  to  meet 
all  the  requirements  of  the  mine.  Others,  again,  sell  their 
surplus  gas  (or  waste  heat)  to  a  Power  Company,  who  convert 
it  into  electric  energy  which  is  distributed  for  public  consumption 
over  a  wide  area,  as  in  the  North  East  Coast  Power  Scheme  {q.v.). 

If  no  Power  Company  or  group  of  power  users  is  at  hand  to 
purchase  the  surplus  gas  (or  waste  heat),  it  might  with  great 
advantage  be  utilised  in  an  adjacent  chemical  factory.  Indeed, 
there  is  no  reason  why  the  crude  tars,  benzols,  and  naphthalene 
produced  on  the  coking  plant  should  not  be  refined  and  trans- 
formed into  other  more  finished  products  on  the  spot  in  the 
chemical  factory,  the  heat  and  power  from  which  shall  be  wholly 
derived  from  the  surplus  gases.  Or,  alternatively,  any  chemical 
operations  requiring  cheap  electric  current  might  very  well  be 
carried  out  in  factories  erected  in  close  proximity  to  by-product 
coking  plants. 

{2)  As  a  Heating  Gas  for  Industrial  EstablishtnetUs. — ^From 
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"^^w     *x^  said  in  the  preceding  chapter  about  the  increasing 

"  -  ^^  ses  of  coal  gas,  it  will  be  understood  that  in  districts 

""  *v  **"-  xample,  as  the  Sheffield  area)  where  there  are  on  the 

'  ->-  >^      .3.  large  number  of  coking  plants,  and  on  the  other 

<" «  ^  ^>  strial  establishments  needing  large  supplies  of  a  high- 

^''J->>.ting  gas,  a  scheme  for  connecting  up  the  coke-oven 

^    "^"^  V  li  tlie  works  by  means  of  high-pressure  gas  distribution 

." "":  X  me  -worthy  of  consideration. 

"^  ^^^'  a   Domestic  Lighting  and  Heating  Supply. — Coke-oven 

^r   purification  in  the  usual  manner  from  sulphuretted 

"*i^    a  and  cyanogen  compounds,  is  already  extensively  used 

'->     \  Oennany  and  in  America  as  a  public  supply  for  domestic 

^^^  '^^ption.    And  it  is  probable  that  in  the  near  future  its 

-..^  Mhis   country  for  this  purpose  will  become  much  more 

-„^'^">"jnt  than  it  is  to-day,  especially  now  that  the  incandescent 

/^\5  is  so  universally  employed  for  indoor  gas-lighting  and 

/^*  * ;-  he  former  self-illuminating  standards  for  towns  gas  suppUes 

Lg  largely  superseded  by  calorific  standards.    Indeed,  in 

connection  it  is  perhaps  significant  that  in  some  gas-works 

'\::    Vienna  and  Birmingham)  regenerative  by-product  coke 

-  ivS,  fired  by  gas  generated  from  either  coal  ^ack  or  coke 

^..^ze  in  outside  "producers"  under  ammonia  recovery  con- 

■  -:;-  3ns,  have  recently  been  installed  in  preference  to  even  vertical 

^.  jrts  for  the  production  of  a  combination  of  good  coke,  with 

.•^.  isiactory  gas  and  5delds  of  by-products.    And  there  seems  no 

:%  .  tson  why  coke  ovens  should  not  be  extensively  fired  with 

--..^producer  gas  "  made  from  low-grade  fuel,  if  suitable  markets 

,   r  all  the  high-grade  coke-oven  gas  produced  could  be  found. 

'.    In  Germany  a  large  number  of    towns  in  Rhineland  and 

,"  Vestphalia  are  supplied  with  piuified  gas  from  the  neighboiuing 

,   *-oke  ovens  at  prices  which  are  said  to  be  less  than  grf.  per  looo 

xub.  ft.    Also  in  the  United  States,  the  city  of  Boston,  Mass.,  to 

'mention  one  centre  of  population  only,  has  since  1901  been 

*  supplied  with  piuified  gas  from  a  battery  of  100  Otto-Hofmann 

^  coke  ovens  installed  at  Everett,  Mass. ,  and  owned  by  the  Dominion 

Iron  and  Steel  Company.    The  average  saeld  of  gas  from  these 

ovens  is  10,390  cub.  ft.  per  ton,  of  which  5143  cub.  ft.  are  available 

for  suppl3dng  the  city  of  Boston. 

both  Germany  and  America  the  plan  has  been  adopted  of 

"ng  for  town's  supply  the  richer  gas  evolved  during  the 

n  hours  immediately  following  the  first  two  hours  of  the 

:arbonisation  period.    For  this  purpose  the  hydraulic 
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c^ 


main,  and  all  the  by-product  recovery  arrangements  and 
nections  on  the  plant  are  duplicated,  so  that  the  richer  gas  ttu 
be  separately  treated,  purified,  and  sent  out  for  public  distri!:; 
tion,  leaving  the  poorer  gas  made  during  the  fiist  two  and  ik 
last  twelve  hours  of  the  carbonising  period  to  be  retained  h 
consumption  in  the  heating  flues  of  the  ovens. 

The  first  application  of  coke-oven  gas  for  public  lightini:  k 
England  was  made  in  igio  when  Parliament  sanctioned  the  rsr 
of  gas  from  the  Bracldey  Coke  Works  to  the  Urban  district  o: 
Little  Hulton  (near  Bolton,  Lanes.),  under  a  guarantee  of  a 
minimum  illuminating  power  of  14  standard  sperm  cainib 
when  tested  in  a  No.  2  Metropolitan  Argand  Burner,  and  a 
gross  calorific  power  of  550  B.Th.Us.  per  cub.  ft.  at  60"  Fahr 
and  30  in.  pressure.  Since  that  year,  however,  the  Corporatiof} 
of  Middlesbrough  has  entered  into  an  arrangement  wherek 
the  town  now  draws  its  entire  supply  of  gas  from  a  battery  n: 
Otto  regenerative  ovens  situated  at  the  neighbouring  Neirpon 
Ironworks  of  Sir  B.  Samuelson  and  Co.,  Ltd.  Also  the  dtyci 
Leeds  now  takes  part  of  its  supply  from  the  Simon-Carves 
ovens  of  the  Middleton  Estate  and  Colliery  Co..  Ltd.,  and,  as 
already  stated,  the  City  of  Birmingham  Gas  Conmiittee  has 
installed  a  battery  of  sixty-six  Hoppers  Regenerative  Oveos. 
fired  by  Mond  gas,  at  their  Saltley  Works  for  the  productioDof 
towns  gas  and  furnace  coke. 
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CHAPTER  XVII 

the  complete  gasification  of  coal 

Producer  Gas  and  Ammonia  Recovery 
Introduction  .    The  Chemistry  of  the  Process. 

For  the  rapid  production  of  gaseous  fuel  for  large  furnace  opera- 
tons,  as  well  as,  in  some  cases  also,  for  power  purposes,  no  cheaper 
process  has  yet  been  discovered  than  the  complete  gasification 
^f  bituminous  coal,  coke,  or  anthracite  by  means  of  a  mixed  air- 
»teaxn  blast  (sometimes  air  alone  is  employed)  in  some  form  of 
'  gas-producer,"  whereby  the  fuel  may  be  converted  into  a  mixture 
:>i  oxides  of  carbon,  hydrogen,  methane,  and  nitrogen  containing 
between  40  and  45  per  cent,  of  combustible  constituents.  More- 
over, by  pre-heating  the  air-blast  and  adding  to  it  a  proportion 
of  steam  corresponding  to  saturation  at  85^  C,  nearly  two-thirds 
ot  the  nitrogen  in  the  fuel  may  be  obtained  as  ammonia,  which 
may  then  be  recovered  as  ammonium  sulphate,  a  circumstance 
which  greatly  enhances  the  economy  of  the  process,  making  it 
one  of  the  most  scientific  ways  of  utilising  coal. 

A  modem  gas-producer  consists  of  a  cylindrical  furnace  (6  to 
12  ft.  internal  diameter  and  10  to  15  ft.  high),  Uned  with  firebrick, 
with  an  outer  mild  steel  casing,  and  usually  water-sealed  at  the 
bottom.    Means  are  provided  (i)  for  the  introduction  of  the  blast 
through  some  form  of  grate  or  tuyere  fixed  immediately  above 
the  level  of  the  water  in  the  seal,  and  its  regtdar  distribution 
through  the  bed  of  incandescent  fuel  (usually  3  to  5  ft.  in  thick- 
ness) which  rests  upon  a  lower  bed  of  ashes;   and  (2)  for  the 
charging  in  of  the  raw  fuel  through  some  form  of  bell  hopper 
fixed  centrally  on  the  top  of  the  producer,  round  which  are 
arranged  a  number  of  equidistant  poking  holes  closed  by  iron 
balls.    The  gas  outlet  is  fixed  near  the  top  of  the  cylindrical 
furnace. 

Taking  as  a  typical  example  the  case  of  a  producer  of  10  ft. 
mtemal  diameter,  gasifying  some  10  cwt.  of  bituminous  coal 
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per  hour,  with  a  bed  of  fuel  3  ft.  in  effective  depth,  the  cbendstr 
of  gasification  may  be  epitomised  as  follows — 

When  a  fresh  charge  of  coal  is  dropped  into  the  prodi^er. :: 
first  of  all  undergoes,  in  the  uppermost  layers  of  the  fixe,  a  pcocen 
of  destructive  distillation,  whereby  hydrogen,  methane,  tur. 
hydrocarbons,  oxides  of  carbon,  together  with  some  steam  a2>: 
also  small  quantities  of  ammonia  and  sulphuretted  hydiogeti, 
are  evolved,  probably  in  much  the  same  proportions  as  in  the 
high  temperature  distillation  of  coaL    It  seems  likely  that  nearl} 
the  whole  of  the  3  per  cent.,  or  thereabouts,  of  methane  usoallj. 
found  in  producer  gas  originates  in  this  way.     Olefins  a^. 
higher  paraffins  are,  however,  so  rapidly  decomposed  that  tbe^ 
rarely,  if  ever,  appear  in  the  gas  passing  out  of  the  producer. 

The  carbonaceous  residue  (coke)  containing,  as  it  does,  thr 
whole  of  the  ash  and  four-fifths  of  the  nitrogen  originally  presest 
in  the  coal,  is  rapidly  gasified  as  it  descends  through  the  incaa- 
descent  fuel  bed  by  the  upward  flowing  air-steam  blast,  jrieldinE 
chiefly  the  oxides  of  carbon  and  hydrogen,  together  with  /itrtkr 
small  quantities  of  both  methane  and  ammonia. 

The  blast  on  entering  the  bottom  layers  of  the  fuel  bed  almost 
immediately  loses  the  whole  of  its  free  oxygen,  and  the  gases 
withdrawn  from  this  region  invariably  contain  a  considerabie 
proportion  of  carbon  dioxide.  This  latter,  together  with  the 
steam  in  the  blast,  rapidly  attacks  the  incandescent  carboi?  in 
the  middle  portion  of  the  fuel  bed,  so  that  if  the  fuel  be  of  suffi- 
cient porosity,  and  the  requisite  high  temperature  be  maintained, 
the  gases  as  they  pass  into  the  uppermost  la]^r  of  "  distillation  " 
should  consist  principally  of  carbon  monoxide,  hydrogen,  and 
nitrogen,  with  only  a  small  proportion  of  carbon  dioxide,  or  of 
undecomposed  steam.  These  gases,  mingling  with  the  distilla- 
tion products,  make  up  the  crude  "  producer  gas,"  which  passes 
out  of  the  furnace. 

In  order  to  understand  better  the  chemistry  of  the  process, 
it  is  necessary  to  consider  separately  the  well-known  interactions 
between  incandescent  carbon  and  air  or  steam,  respectively.  For 
these  reactions,  occurring  simultaneously,  are  responsible  for  the 
gasification  of  the  whole  of  the  carbonaceous  residue  (coke)  in 
the  middle  and  lower  regions  of  the  fire. 

A,  The  Action  of  Air  upon  Incandescent  Carbon. — In  a  soHd 
bottom  producer  operated  with  a  dry  air  blast,  the  initial  action 
of  the  oxygen  upon  the  incandescent  carbon,  which  may  be  sup- 
posed to  give  rise  initially  to  the  transient  formation  of  a  physico- 
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chemical  complex  CxOy  {vide  Rhead  and  Wheeler,  Chap.  X, 
p.  171),  is  rapidly  succeeded  by  the  reversible  reaction — 

2  CO  '^^  C  +  CO,, 

in  which  the  state  of  dynamic  equilibrium  is  a  function  of  both 
temperature  and  of  the  partial  pressures  of  the  CO  and  CO,,  in 
accordance  with  the  Le  ChateUer  thermodynamical  equation 
already  considered  in  Chap.  X  [q.v.).  It  has  also  been  demon- 
strated that  the  time  required  for  the  establishment  of  the 
equilibrium  at  the  temperatures  prevailing  in  the  fuel  bed  of  such 
a  producer  (1200'  to  1500°  C.)  is  far  shorter  than  the  time  occupied 
by  the  reacting  gaseous  mixture  in  traversing  the  same. 

Moreover,  from  Rhead  and  Wheeler's  experimental  researches 
(g.v.),  as  well  as  from  the  aforesaid  equation,  it  is  evident  that  at 
such  high  temperatures  the  percentage  of  carbon  dioxide  remain- 
ing when  equilibrium  is  established  must  be  very  small ;  so  small, 
indeed,  that  for  all  practical  purposes  the  conversion  of  the 
"  carbon  residue  "  into  the  monoxide  may  be  regarded  as  com- 
plete, although,  theoretically,  in  no  circumstances  can  the  dioxide 
be  entirely  absent. 

Hence,  provided  that  the  temperature  in  the  lower  regions 
of  the  fuel  bed  exceeds  1200°  C,  the  principal  action  of  the  air 
blast  upon  the  incandescent  carbon  may  be  considered  to  involve 
the  almost  instantaneous  formation  of  carbon  monoxide,  and 
the  liberation  of  as  nearly  as  possible  30  per  cent,  of  the  total 
potential  energy  of  the  coke,  thus — 


a  C  +  O,  =  2  CO  . 


+  2  X  zgK.C.Ui. 


Karl  Wendt's  Experiments  with  an  Air-blown  Producer 
The  nature  and  sequence  of  the  chemical  reactions  in  a  coal- 
fed  air-blown  producer  are  clearly  demonstrated  by  experiments 
carried  out  in  Germany  by  Karl  Wendt  on  a  dry  bottom  pro- 
ducer charged  intermittently  with  a  suitable  bituminous  coal, 
and  blown  by  an  air  blast  without  any  addition  of  steam.  The 
fuel  bed.  which  rested  upon  an  ordinary  bar  grate,  had  a  total 
depth  of  7  ft.  6  in.,  and  in  order  to  ascertain  the  temperature 
and  composition  of  the  gases  at  various  levels  in  it,  a  series  of 
seven  holes  were  drilled  through  the  walls  of  the  producer  at 
regtilar  intervals  of  10  in.  along  a  vertical  hne  commencing  on 
a  level  with  the  blast  pipe.  The  results  showed  that  not  only 
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did   the  whole  of   the  oxj^gen  in  the  blast 
disappear,  but  that  equilibrium  in  the  system 

2C0^C  +  C0, 

was   practically  established  before    the    asce 
traversed  the  lowest  lo  in.  of  the  fuel  bed. 


TABLE  LXXl 

Results  of  Karl  Wendt's  Experiments  with 

Producer 


Height 

above 

Tuy^es. 

Inches. 

Temp. 

•c. 

P« 
CO.. 

rcent 
0 

CO. 

Rapid  Gasification  of 
the  Coke  by  Blast 
and  attainment  of 
equilibrium  in   the 
System  2CO  ^  C  -f 
CO, 

0 
10 
20 
30 

1400° 

I250* 

150 

0-2 
0-2 

nil 

9.7 

341 
34-3 
34-5 

Distillation    of    the 
Coal 

40 

50 
60 

1030° 

04 
0*6 
i-o 

33*4 
30-0 

289 

Gas  Outlet 

58o«> 

o*7 

31-3 

From  the  foregoing  it  would  appear  possible 
such  as  coke,  the  combustible  part  of  which  is  esi 
with  a  dry  air  blast,  so  as  to  produce  a  gas  of  th 

COg  =  0-2,  CO  =  343,     Ng,  etc.  =  655  I 

provided  that  the  temperature  in  the  fuel  bed  \ 
at  about  1300®  to  1400°  C.  The  chief  practical 
arise  out  of  the  fusibihty  of  the  ash,  which  in  m 
cause  serious  clinkering  troubles.  These  migh 
overcome  by  the  addition  of  an  amount  of  lin 
fuel  charge  sufficient  to  form  a  fusible  slag  with 
procedure  was,  as  a  matter  of  fact,  adopted  by  '. 
first  "  gas  producer  "  erected  by  him  at  Audinco 
1840 ;  the  gas  obtained,  from  wood  charcoal  and  co 
having  the  following  percentage  composition — 

CO,.  CO.  H,. 

Wood  charcoal  .         .     050  33-30  280 

">ke          .         .         .     083  3353  1-48 
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Some  years  ago  the  same  idea  was  carried  oat  io  the  Thwaits 
Cupola  Producer,  which  is  still  in  use  in  some  works  in  the 
Xfnited  Kingdoui.  This  producer  is  of  the  blast-fumace  type, 
30  ft.  in  height,  with  internal  diameter  6  ft.  The  blast  is  in- 
"troduced  through  a  series  of  tuyfires  placed  horizontally  a  httle 
above  the  hearth,  and  a  slag-notch  is  provided  for  running  off 
tte  molten  slag  formed  by  the  fluxing  of  the  ash  of  the  fuel  ivith 
the  limestone  added  to  the  charge.  The  rate  of  gasification  is 
rapid,  and  the  gas  is  of  uniform  composition  and  rich  in  carbonic 
oxide;  moreover,  owing  to  the  great  height  of  the  producer,  it 
leaves  at  a  comparatively  low  temperature.  Typical  analyses 
bi  the  gas  produced  from  a  Lancashire  raw  slack  coal  are  as 
^Uows — 

CO,.  CO.  H,.  CH(.         N„  etc. 

(i)         2-35        28-85        5-80        1-95        61-15 
(ii)         1  'So        29-20        4-90        2-15        61  -95 


Average     20  290  5-35        2-05        61-6 

Total  combustibles  =  36-4  per  cent. 

Mean  calorific  value  per  cub. /Gross  i38'7l  d  -r-.  77 
feet  at  0'  C.  and  760  mm.  iNet     130-8/  -^' 

I  The  objection  to  such  a  procedure  as  the  above,  apart  from 
Ithe  necessity  of  adding  limestone  to  the  charge  when  dealing 
■with  clinkering  fuels,  as  well  as  from  the  great  wear  of  the  lining 
,of  the  producer,  lies  in  the  fact  that  the  gasification  of  coke  or 
, charcoal  by  means  of  a  dry  air  blast  means  the  conversion  of  at 
ileast  30  per  cent,  of  the  potential  energy  of  the  fuel  into  sensible 
jheat,  which  in  many  cases  would  be  dissipated  by  radiation  before 
[the  resulting  gas  reaches  the  place  where  it  is  to  be  utilised. 
1  B.  The  Action  of  Steam  upon  Incandescent  Carbon. — The  best 
^possible  way  of  utilising  the  heat  necessarily  generated  by  the 
i;«xothermic  action  of  the  air-blast  upon  the  incandescent  carbon 
"to  the  producer  is  to  immediately  re-absorb  it  by  effecting  the 

endothermic  interaction  of  steam  and  carbon,  thereby  increasing 
'the  potential  energy  of  the  resulting  gas  at  the  expense  of  some 

of  its  sensible  heat. 

The  composition  of  the  gas  obtained  when  steam  reacts  with 
Solid  carbon  depends  chiefly  upon  the  temperature,  assuming  that 
toe  fuel  be  of  sufficient  porosity  and  depth.  At  comparatively 
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low  temperatures  (500*  to  600*  C.)  the  chief  p 
dioxide  and  hydrogen,  in  accordance  with  the 

(i)    C  +  2H,0  =  CO,  +  2H,    .        .     - 

whereas,  at  temperatures  of  1000^  C.  and  upwar 
is  the  production  of  equal  volumes  of  carb 
hydrogen  (the  so-called  "  water  gas  "  reaction] 
equation, — 

(2)    C  +  H,0  =  CO  +  H,      .         .     - 

At  temperatures  intermediate  between  600^ 
products  correspond  to  the  simultaneous  oc 
reactions,  the  second  gradually  asserting  itsel 
ture  rises,  until,  at  1000°  C,  it  almost  entin 
first. 

Both  reactions  are  strongly  endothermic,  the 
the  absorption  of  19-0,  and  the  second  of  29*0  K. 
atom  of  carbon  gasified.  Hence  it  is  that  whi 
to  the  air-blast  of  a  producer  the  exothermic  efi 
oxygen  combustion  is  partly  coimteracted  b 
carbon-steam  reaction.  The  resulting  gas  is 
its  hydrogen  content  notably  increased,  and  mo 
energy  of  the  original  fuel  is  transferred  to  the  fi 
of  gas. 

The  function  of  the  steam  in  a  gas-produce 
absorb  part  of  the  heat  liberated  during  the  par 
tion  "  of  the  carbon  by  doing  chemical  work,  tl 
potential  energy  of  the  resulting  gas  at  the  es 
its  sensible  heat.  Incidentally,  also,  clinkerin, 
fusible  ash  is  greatly  diminished  by  the  admiji 
the  blast. 

C.  The  Influence  of  the  Reversible  System  ( 
+  H2, — ^The  composition  of  the  resulting  ga 
affected  by  the  mutual  interactions  between  (a) 
and  steam,  on  the  one  hand,  and  (b)  carbon  diox 
on  the  other,  which  at  all  temperatures  above  « 
an  active  reversible  cycle, — 

CO  +  OHj  5=i  COj  +  Hj  .         .         .     ± 

In  accordance  with  the  laws  of  mass-action, 
'^imately  attain  a  state  of  dynamic  equiUbrim 
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terms  of  the  relative  concentrations  of  the  reacting 
the  absolute  temperature.    Thus  we  may  write — 

CO     X      OH,    _     y 

CO,  X  H,  "■  ^ 

is  a  constant  (the  "equilibrium  constant"),  the  numerical 
^e  of  -which  depends  upon  the  temperature.* 
^n.    tliennodynamical  grounds  it  may  be  predicted  that  the 
lue  of  K  will  increase  with  the  temperature,  since  the  equili- 
^tim  iix  a  reversible  S3^tem  must  shift  with  rising  temperature 

ttie  direction  of  negative  heat  change.    This  conclusion  has 
exi  verified  by  Oscar  Hahn  in  his  determinations  of  the  values 

**  It  "  for  the  above  S3^tem  at  various  temperatures  between 
i6**  and  1405"*  C,  as  follows 


Temp.  •€. 

K. 

Temp.  •€. 

K. 

786**  . 

.     o-8i 

1086°   . 

.     1-95 

886^  . 

.     1-19 

1205**    . 

.      2-10 

986**  . 

•     1-54 

.         1405"   . 

•     2-49 

As  shown  some  years  ago  by  the  author,  in  conjunction  with 
>T.  R.  V.  Wheeler,  this  reversible  S3^tem  also  comes  into  play, 
Jid  may  profoundly  affect  its  composition,  when  "  producer 
;^s  "  passes  through  the  hot  regenerators  of  an  open-hearth 
umace.  For  a  full  discussion  of  this  point  the  reader  is,  how- 
ever, referred  to  the  original  memoir.'  Suffice  it  here  to  say  that, 
Ji  generating  a  gas  for  furnace  purposes,  care  should  be  taken 
uot  only  that  the  gas  as  it  leaves  the  producer  shall  have  a  given 
desired  composition,  but  also  that  it  shall  be  in  a  hygroscopic 
condition  conformable  with  the  said  composition  remaining 
unaltered  as  the  gas  passes  through  the  furnace  regenerators, 
where  its  temperature  may  be  raised  to  as  high  a  point  as  1200^  C. 

Karl  Wendt's  Experiments  with  an  Air-Steam-Blown 

Producer 

The  influence  of  the  addition  of  steam  to  the  blast  upon  the 
temperature  distribution,  and  the  chemical  interchanges  taking 

^  Since  the  movement  in  either  direction  in  the  83rstem  is  unattended 
by  any  "  volume  "  change,  variations  in  pressure  only  at  a  given  tem- 
perature would  be  without  influence  upon  the  value  of  K. 

'  Znt.fUr  Pkysikal,  Chemie,  1903,  ^,  p.  705,  and  44,  p.  513. 

*  Joufn,  Iron  and  Steel  Institute,  1908;  also  Joum.  West  of  Scotland 
Iron  and  Steel  InstUnte,  1911. 
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place  in  the  incandescent  fuel,  is  well  brought 
of  another  experiment  carried  out  by  Karl  Wei 
fuel  and  with  the  same  producer  as  was  refem 
chapter.  In  this  further  experiment,  live  steal 
blast  until  the  latter  was  saturated  at  about  6g 
were  then  made  of  the  composition  of  the  gas 
tures  at  different  levels  of  the  fuel  bed,  whi 
experiment,  was  7  ft.  6  in.  in  depth,  as  follows 


TABLE   LXXII 

Results  of  Karl  Wendt's  Experiments  with  ai 

Producer 


Height 

above 

Tuyeres. 

Inches. 

Temp. 

Percentage  O 

CO,. 

CO. 

Ct 

Interaction    of 
Air  and  Steam 
with      Incan- 
descent Coke 

0 
10 
20 

1110° 

II-4 

9-3 
5-5 

nil 

22-0 
280 

nj 
0 
0 

Distillation    of 
the  Coal 

30 
40 

50 

60 

1 

925* 
8io« 

30 

50 
6-0 

5-3 

327 

287 

28.3 
280 

I 

5 

4 
4 

Gas  Outlet 

1                                1 

440** 

5-5 

26-8 

3 

Comparing  these  results  with  those  obtained 
ment,  where  a  dry-air  blast  was  used  (vide  Tat 
in  the  first  place,  that  the  temperatures  at  co 
in  the  fuel  bed  were  considerably  lowered  by 
thus  we  find — 


Height  above 

Dry-Air 

Tuyeres. 

Blast. 

10" 

1400° 

30" 

1250° 

50" 

1030° 

Gas  Outlet 

S80° 

In  the  second  place,  owing  to  this  temperati 
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s  at  corresponding  levels  when  steam  was  used  (except  just 
re    tlie   blast  entered)  contained  much  more  carbon  dioxide 

less  carbon  monoxide  than  when  the  blast  was  dry,  although 
deficiency  in  carbon  monoxide  was  outbalanced  by  an  increase 
lie  hydrogen,  as  might  be  expected.  Thirdly,  and  probably 
»  in  consequence  of  the  general  lowering  of  the  temperature, 

zone  of  distillation  extended  further  downwards  in  the  fuel 
L  Avlien  steam  was  used  than  with  dry  blast. 


>NE  AND  Wheeler's  Investigations  on  the  Use  of  Steam 

IN  Gas-Producer  Practice 

The  influence  of  successive  additions  of  steam  to  the  blast  of 
gas-producer  upon  the  general  character  and  efficiency  of  the 
sification  process  was  thoroughly  investigated  on  a  large  scale 
me  years  ago  by  Dr.  R.  V.  Wheeler  and  the  author,  with  results 
hich  were  embodied  in  two  papers  read  before  the  Iron  and  Steel 
vstitute.* 

The  plant  placed  at  our  disposal  for  the  investigation  was 
tuated  at  the  Iron  and  Steel  Works  of  Messrs.  Monks,  Hall 
t  Co.,  Ltd.,  Warrington,  and  was  of  a  shghtly  modified  Mond 
ype,  with  arrangements  for  superheating  the  blast  and  saturating 
t  with  steam  at  any  desired  temperature.  It  comprised  two 
)roducers,  each  lo  ft.  internal  diameter  (rated  capacity  = 
c6  cwt.  of  coal  per  hour),  with  the  usual  "  superheaters  "  (vide 
tfond  S5rstem)  connected  with  a  condensing  S5rstem  in  which 
the  gas  was  suitably  cooled  and  scrubbed  for  subsequent  con- 
sumption in  (i)  two  engines,  one  of  650  H.P.  driving  a  lo-inch 
bar  roUing-mill,  and  the  other  of  250  H.P.  generating  electricity ; 
and  (2)  gas-fired  puddling,  swarfe,  and  re-heating  furnaces. 

The  plant  was  operated  day  and  night  continuously  throughout 
each  working  week  of  between  112  and  136  hours,  but,  owing  to 
the  fact  that  the  rolling-mill  worked  during  the  day-shifts  only, 
the  average  rate  of  gasification  during  the  12  hoiirs  day-time 
(about  23-5  cwt.  of  coal  per  hour)  was  nearly  double  that  during 
the  12  hours  night-shift  (io-8  to  13  cwt.  per  hour).    The  fuel 
wsed  throughout  the  investigation  was  washed  nuts  from  the 
Florida  Seam  of  the  Collins  Green  and  Bold  Collieries  near  Earls- 
town,  Lancashire.    It  had  been  previously  screened  over  a  one- 
inch  linear  mesh,  and  as  charged  into  the  producer  it  contained 

^  ]oufn.  Iron  and  Steel  Institute,  1907,  i,  p.  126;  1908,  ii,  p.  206. 
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anything  between  3  and  7  per  cent  of  moistt 
contained  on  the  average — 


Carbon 

Hydrogen 

Nitrogen 

Sulphur 

Oxj^gen 

Ash 


Per  cent. 

78-0^ 

5-4 

Volatiles  at  90c 

1-4 

percej 

I-O 

lO-O 

Calorific  Value 

4-2. 

B.Th.Us.  per  It 

100 -o 


The  investigation  comprised  altogether  ten 
one  exception)  extending  over  a  full  worlds 
the  blast -steam  saturation  temperature  was 
lowered,  week  by  week  in  each  successive  trial, 
of  5*"  C.  between  45*"  and  80**  C.  During  each 
fore,  this  saturation  temperature  was  kept  qi 
during  the  interval  between  two  successive  t 
raised  or  lowered  by  5*"  C. 

In  one  series  of  trials  (which  in  point  of  tim 
the  second)  the  whole  load  was  put  on  one  of 
only,  which  was  worked  throughout  with  a  be 
fuel  3  ft.  6  in.  deep.  The  producer  gasified  tl 
day-time  at  1-47,  and  during  the  night-time 
rated  normal  capacity.  The  blast-steam  satura 
beginning  at  60**,  was  between  each  successive 
5°  until  it  finally  feU  to  45°  C.  At  this  last-na 
however,  the  fire  bars  got  so  hot  that  the  trial  ha 
after  60  hours'  duration,  it  being  clear  that  tl 
practical  working  had  been  reached. 

In  the  other  (chronologically,  however,  the 
of  the  producers,  each  with  a  bed  of  incandesce 
were  used  for  substantially  the  same  load.  Tl: 
comparison  with  the  former  series,  a  fire  twice  a 
at  only  half  the  blast  speed,  and  therefore  tha 
of  contact  between  the  ascending  gases  and 
fuel  would  be  about  four  times  as  long.  The  bl 
tion  temperature,  beginning  at  60°,  was  rais< 
successive  trial  by  increments  of  5**  C.  up  to  80 
tions  of  the  ammonia  yields  at  different  blast  sal 
tures  were  made.    A  comparison  between  the 
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in  the  trials  with  a  blast-steam  saturation  ten 
in  each  series  showed  how  very  little  the  qua! 
affected  by  the  great  difference  between  thei 
rate  of  gasification. 

The  general  results  are  reproduced  in  Table 

Whilst  the  reader  must  study  all  the  resul 
original  memoirs,  in  order  to  understand  the  v 
by  the  investigation,  and  its  many-sided  appli 
gas-producer  practice,  its  main  conclusions  m 
as  follows — 

(i)  That  with  an  ordinary  bituminous  prod 
is  usually  employed  in  the  North  of  England,  so 
of  the  total  carbon  in  the  fuel  is  converted  ir 
(*.  e,  into  oxides  of  carbon  and  methane).  An< 
leaves  the  producer  either  as  dense  tarry  hy 
soot,  and  the  remaining  125  per  cent,  is  lost  in 
proportions  are  independent  of  the  steam  satura 

(2)  That  with  steam  saturation  temperatim 
and  including  55°  C,  the  whole  of  the  steam  ii 
decomposed  in  passing  through  the  incandeso 
depth  of  which  need  not  exceed  3  ft.  6  in.  al 
blast  dome.  As  the  blast  saturation  tempera 
raised  beyond  the  limit  of  55°  C.  a  decreasii 
the  steam  introduced  is  decomposed,  althou 
amount  decomposed  may  increase ;  this  is  show: 


>teaiu  Saturation 

Lbs.  of  Steam 

in  Blast  per 

lb.  of  Coal 

Per  cent.  Steal 

Temp,  of  Blast. 

Decomposed 

**c. 

Gasified. 

approx. 

45° 

.      0-20 

50° 

.      0-21 

- 

.     100      . 

55° 

.      032 

60' 
65° 

•      0-45^ 

•     0-55/      • 

.      80      . 

70° 

.     o-8o 

.      60      . 

75° 

.       IIO 

.      50      . 

80° 

•     1-55 

• 

.      40      . 

(3)  That,  in  accordance  with  thermodynamic 
successive  increments  in  the  proportions  of  stea 
the  blast,  by  reason  of  their  increasing  cooling 
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L  l>eci,  profoundly  affect  the  course  of  the  reactions  occurring 
rein,  and  consequently  also  the  composition  of  the  resulting 
I^or  the  lower  the  temperatures  throughout  the  fuel  bed, 
'  niore  -will  the  interaction  C  +  2OH,  =  CO,  +  2H,  displace 
i  C  -J-  OHj  =  CO  +  Hj  change,  and  the  more  also  will  the 
uilibrixim  in  the  two  reversible  systems  2  CO  zi2  C  +  CO,  and 
>  -+-  OH,  ^  CO,  +  H,  shift  towards  the  right  hand.  These 
ml>ine<i  effects  were  strikingly  reflected  (a)  in  the  marked 
jcrease  in  the  CO-content,  and  (6)  in  the  corresponding  in- 
cases in  both  the  CO,-  and  the  H,-contents  of  the  resulting 
3ts  as  tlie  blast-steam  saturation  temperature  was  progressively 
used  during  the  trials.  There  was,  however,  no  material 
hax\ge  in  the  production  of  methane,  which  as  a  distillation 
product  would  only  be  slightly  (if  at  all)  affected  by  a  lowering 
>i  Ihe  temperature. 

(4)  That  the  best  "  furnace  "  gas  is  obtained  with  a  blast-steam 
s»at\iration  temperature  of  about  50®  C.    Lowering  the  steam 
saturation  temperature  below  this  limit  had  a  detrimental  influ- 
etvce  upon  the  general  working  conditions,  without  any  compensat- 
ing improvement  in  the  quaUty  of  the  gas,  whilst  on  raising  the 
saturation  temperature  beyond  50®,  the  quality  of  the  gas,  from 
the  furnace  standpoint,  at  first  gradually,  and  aifterwards  rapidly, 
deteriorated,  owing  to  the  increasing  production  of  hydrogen  at 
the  expense  of  the  more  effective  carbon  monoxide.    Moreover, 
what  is  of  great  importance,  the  proportions  of  carbon  dioxide, 
carbon  monoxide,  hydrogen,  and  steam  in  the  gas  generated  with 
a  steam  saturation  temperature  of  50°  C.  will  correspond  to  those 
in  equilibrium  at  1200''  C,  provided  that  the  dew  point  of  the 
gas  leaving  the  producer  is  about  20°  C,  which  will  be  the  case 
unless  the  fuel  charged  into  the  producer  is  very  wet.    Hence 
the  gas  as  generated  under  such  conditions  will  not  alter  in 
composition  during  its  passage  through  the  furnace  regenerators. 
(5)  That  the  ratio  of  the  net  calorific  value  of  the  cold  gas 
obtained  to  that  of  the  coal  gasified  did  not  vary  very  much  with 
the  blast-steam  saturation  temperature  throughout  the  investiga- 
tion.   For  if  the  result  of  Trial  No.  6  in  Table  LXXIII  (where 
there  was  reason  to  suppose  that  the  yield  of  gas  per  ton  of  coal 
bad  probably  been  overestimated  by  about  2  per  cent.)  be  neg- 
lected in  this  connection,  the  particular  ratio  in  question  worked 
OMt  between  the  limits  of  0744  and  0773  in  all  other  cases,  with 
a  mean  value  of  076.   On  the  other  hand,  however,  if  the  thermal 
value  of  the  steam  added  to  the  blast  be  brought  into  account, 
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arc  cocpaiL:- 

iih  probably  is  icicir. 

^  t**fc,  »M«^i.  4d  to 55  -' 

•X  innncinaL  zxzjbfir:  ^us^sas/tis  vitii  steam  satcr&tr: 

-         »  m  ♦ 

lie  3- la: 


•/TT^.-m^  i<  is.  gT.Trrrfri* 


T 


va  .X  r.  v^  ~~  -         ^^       5X-4    65^5  -f 


•     --^^-^^    W--^  ••  <^^o    0-304     0-35    0^444  c 


-I'v 


•1 


&  suTxhie  ccestmctacn   of  grate  azid  h 

d  rasxScatiofi— exceediE?  r 


'▼T.  "J  cr-  v^  r«r  ii'iET  per  prxiscer  of  lo  ft.  internal  diaiKi? 
,'r  ^'^  i-zrnr  hi  Ira.  per  ir«r  per  square  foot  oi  6r^  aica^-^^ 
ift  vjii-:i2u:*rs^7  Tficrr^irsftd  ritiit  aod  day,  without  detnccr 
^-riir  V.  tie  ri-ijrT  \i  tie  ras  or  to  the  general  woddng  cci- 
dra-CT.  yir^:rys:  ^  s  r^te  poeabie  to  vary  the  load  iw±j 
v»rT  trii;  rsrs  -w^-ji-.Tt  afcredariy  altering  the  qn^Hty  of  tfc* 


r-^  'r  npi-Tziir  tine  »^  jcacy  ot  the  process.    A  producer  wbiA 
-J.  h  suntUMt  r:*i^ty  :f  crjal  i.  e,  not  strongly  cakii^f  orcfinker- 


:*;r     -r-^  a-c  pcmr:  ad  ssch  rapid  gasification,  or  vaxiatKm  id 
i'.i*^  trr-iA-'r:  nrarra?  the  qoahty  of  gas.  must  be  regarded  as, 


t:sa:.T 


Gas  fos  Fukcace  Pckfoses 

Ix  ras  etasmtd  for  use  in  furnaces,  and  particulaily  of  the 
opez^-bearrh  t>7«  as  csed  in  connection  with  the  maiRz&ctare 
f >f  cUss  A2id  gt^l  it  is  desiraWe  that  the  CO<ontent  should  be 


I  T^isf  coDchzsioB  wu  floppofted  in  a  fobteqnent  paper  by  J.  Voight 
//  A^em  Ckem^  m2,  p.  1539  .  ^^^  argoed  that  the  fnaTiiinim  therroal 
e^.'v^cT  »  Att^ixked  whes  the  blast  cootains  80  gnuns  of  steam  per  vibk 
fZf^^  'Seeskc  ti^at  the  air  osed  in  a  pRMlooer  woridng  on  a  bctaminoos 
^^ark^ixstft  to  as  ncartr  as  poMihif  40  cob.  ft  (at  X5*^C  and  76om.m.) 
jb  c>f  ftxJ  cha— ^  ^'--^t's  reconunendation  voold  coneipoDd  to/ 
S^  r  oi  bctwwn  43*  and  50»  C 
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as  high  as  possible,  and  that  the  proportion  of  hydrogen  present 
should  not  exceed  12  or  14  per  cent.  Steel  works  managers  find 
from  practical  experience  that  the  most  suitable  gas  for  a  melting 
furnace  is  one  containing  between  10  and  12  per  cent,  of  hydrogen, 
and  with  as  high  a  percentage  of  carbon  monoxide  as  possible, 
and  the  author  has  found  siniilar  views  prevalent  among  glass- 
makers.  Probably  the  facts  that  (i)  the  radiation  from  a  CO- 
flame  is  2-4  times  that  from  a  hydrogen  flame  of  like  dimensions 
{vide  Chap.  XIV) ;  and  (2)  that  the  rates  of  back-firing  of  CO-air 
mixtures  are  much  less  than  those  of  the  corresponding  H^-air 
mixtures,  have  a  considerable  influence  upon  the  furnace  results, 
and  account,  at  least  in  some  measure,  for  the  supposed  greater 
efl&ciency  of  carbon  monoxide  as  compared  with  hydrogen. 

Moreover,  for  a  regenerative  furnace  supply,  the  gas  leaving 
the  producer  should  not  only  contain  a  high  percentage  of 
carbonic  oxide,  but  should  also  be  in  a  hygroscopic  condition 
such  that  the  proportions  of  CO,,  CO,  H,,  and  H^O  in  it  shall 
substantially  conform  to  their  equiUbriiun  ratio  at  the  highest 
temperature  in  the  regenerator  (say  1200*"  C),  as  expressed  by 
the  equation — 

CO  X  OHji  =  20  (CO,  X  H,) 

These  requirements  would  be  fulfilled  by  gasifying  a  suitable 
bituminous  coal  with  an  air-blast  saturated  with  steam  at  a 
temperature  of  50**  C,  so  that  it  leaves  the  producer  plant  in  a 
hygroscopic  condition  corresponding  to  saturation  at  20°  C. 
llie  composition  of  the  (dry)  gas  so  produced  would  be  approxi- 
mately— 

eO,  =  2-5,  CO  =  300,  H,  =  I20,» CH4  =  30, 
and  N,  =  52-5  per  cent. 

Selection  of  Fuel 

The  best  "gas-producer"  coals  are  the  non-caking  or  only 
weakly  caking  classes  yielding  (as  a  rule)  34  to  40  per  cent,  of 
volatile  matter  at  900**  C,  such  as  are  found  in  Scotland,  North- 
umberland, Derb)rshire,  Nottinghamshire,  and  Staffordshire.  A 
strongly  caking  coal  should,  if  possible,  be  avoided,  and  also 
one  with  a  large  percentage  of  a  very  fusible  ash. 

Anthracites  and  anthracitic  coals,  with  a  low  ash  content,  are 
often  used  for  small  "  power "  plants,  because  they  yield  an 
almost  tar-free  gas,  and  occasion  no  clinkering  troubles.    Coke 
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contour  of  the  furnace  body;  and  (4)  the  arrangements  for 
charging  the  producer  and  removal  of  the  ashes. 

Historical.— One  of  the  earliest  forms  of  gas-producers  (Ebel- 
men,  1840)  was  of  the  cupola  type,  in  which  charcoal  or  coke  was 
gasified,  with  a  positive  blast  introduced  through  tuyferes,  lime- 
stone being  added  (if  necessary)  to  the  charge  to  flux  the  ash. 
In  1845  Ekman,  a  Swedish  ironmaster,  designed  a  furnace  and 
producer  combined,  for  which  the  fuel  was  charcoal.  The  pro- 
ducer itself  consisted  of  a  cyUndrical  firebrick  chamber,  enclosed 
in  an  iron  casing,  a  space  being  left  between  the  brickwork  and 
the  casing  through  which  the  air  supply  was  admitted  and 
preheated  on  its  way  to  the  fire. 

In  1861  the  Brothers  Siemens  patented  their  well-known  pro- 
ducer,' consisting  of  a  firebrick  chamber,  rectangular  in  section, 
the  front  of  which  was  inclined  at  an  angle  of  from  45°  to  60", 
provided  with  a  grate  at  the  bottom,  through  which  a  current 
of  air  was  induced.  Below  the  grate  was  a  trough  of  water, 
which,  on  evaporation  by  heat  radiated  from  the  grate,  added  a 
certain  proportion  of  steam  to  the  induced  air  supply.  Subse- 
quently the  front  of  the  producer  was  closed  by  an  iron  door, 
and  the  air  supply  forced  in  under  the  grate  by  steam  injection. 
This  producer  was  the  first  to  gasify  successfully  bituminous 
coals ;  it  was  capable  of  generating  a  fairly  good  quahty  of  gas, 
but  its  rate  of  gasification  was  low. 

In  1876  Messrs.  Brooke  and  Wilson  patented  a  producer  con- 
sisting of  a  cylindrical  chamber  having  a  solid  hearth  but  no 
fire  bars.  The  mixed  air-steam  blast  was  obtained  by  steam 
injection,  and  was  introduced  into  the  fuel  bed  by  means  of  a  box- 
shaped  casting  which  traversed  the  middle  of  the  hearth.  In 
1882  Mr,  Wilson  patented  another  form  of  generator  in  which  the 
ash  and  clinker  were  automatically  removed  by  means  of  two 
worm  screws  revohing  in  a  water  seal.  Wafer-sealed  producers 
have  now  almost  entirely  superseded  the  older  soUd  or  bar- 
bottom  types. 

About  the  same  period  (1879-81)  Mr.  J.  E.  Dowson  succeeded 
in  devising  a  practical  apparatus  for  generating,  cleaning,  and 
cooling  producer  gas  with  the  object  of  applying  it  for  small 
scale-heating  (including  domestic)  operations  where  taps  and 
burners  are  used,  and  also  for  driving  gas  engines.  In  the  original 
Dowson  Plant  a  bed  of  incandescent  fuel  (small  anthracite)  was 
blown,  in  a  cylindrical  generator,  by  a  jet  of  high-pressure 
with  their  new  regenerative  furnace. 
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Sa3  outlet  is  at  F.  The  dotted  lines  at  GG  indicate 
-*^les.  Ashes  are  withdrawn  from  the  water  trough  at 
iteirvals  in  quantity  corresponding  to  the  rate  of  accumula- 
l^e  furnace.  A  producer  of  lo  ft.  internal  diameter  will 
o   cwfe.  of  coal  per  hour,  or  about  15  lbs.  per  sq.  ft,  of 
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Fio  50  ^The  DufE  Producer. 


(2)  Th«  Hood  Pndueer  (Fig  51)  shows  the  latest  form  of 
this  well-known  producer,  which,  although  designed  with  special 
reference  to  ammonia-recovery  practice,  is  eminently  adapted 
to  aU  working  conditions.  The  chief  features  about  it  are  :  (i) 
the  annulus.  A,  between  the  inner  firebrick  lining  and  outer  steel 
shell  through  which  the  incoming  preheated  air-steam  blast 
passes  before  reaching  the  grate ;  (2)  the  hanging  bar  grate,  B, 
which  takes  the  shape  of  an  inverted  truncated  cone,  with 
spaces  between  the  bars  for  the  admission  of  the  blast,  an 
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tunfonn  and  eStctive  dUtiibation  of  the  hl2.it  in  tbe  hxi  :i 
and  (3)  ^^  i^^^  titll.  C,  at  the  top  of  the  proijctr  bek» 


Fio.  51. — The  Moud  Producer. 


charging  hopper,  D,  which  is  supposed  to  expedite  the  prelinunai)' 

distillation  of  the  raw  fuel.     The  Mond  producer  is  usually  worked 

irfth  >  \wi-v  deep  fuel  bed,  as  indicated  in  the  diagram,  but  if  ll>e 

^pensed  with,  a  much  shallower  fuel  bed  may  be  used 
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I'v^antage.  In  Fig.  52  is  shown  a  similar  producer,  with  an 
^^<i  form  of  hanging  bar  grate,  which  was  patented  in  1909 

SLiithor  in  conjunction  with  Dr.  R.  V.  Wheeler,  as  having 
•txoMrn  by  their  investigations  to  be  specially  adapted  for 
falsification  with  a  shallow  fuel  bed.    In  a  producer  of  this 

xo  ft.  internal  diameter,  from  20  to  25  cwts.  of  coal  (or 
30  to  35  lb.  per  square  foot  of  fire  area)  may  be  gasified 
o\ar. 

Tlie    Morgan    Produoer.  —  Some    years    ago    considerable 


Fig.  52. — The  B.-W.  Producer. 

attention  was  given  to  the  automatic  and  continuous  feed- 
ing of  the  fuel  into  producers  so  as  to  ensure  a  more  even 
distribution  over   the   fire-bed,    and    more    uniform    working 
conditions.     The    "  George "    feed   of    the    Morgan   producer 
(Fig.  53)  was  designed  to  effect  this  purpose.     The  essential 
feature  of  this  device  is  an  incUned  and  slowly  rotating  water- 
cooled  feeding-spout,  A,  fixed  immediately  under  the  charging 
hopper,  B,  the  fuel  being  continuously  forced  from  B  into  A  by 
the  slowly  revolving  circular  disc,  C,  working  up  against  the 
fixed  bracket,   D.    The    producer   itself   is  water-sealed  and 
circular  in  section,  but  tapering  from  the  middle  downwards. 
The  blast  is  introduced  through  the  central  dome,  £,  and 
AA  353 


...  ""  """^  ''*-*'' J''''Vt<''Jiite.prfiar--j:ir 


I'LETE    GASIFICATION  OF  COAL 


^^^^^^^m 'LEI 

^^^^^^^^V  •daeer  (Fig.  54)  embodied  one  of  the  first 
^^^^^^^^V  T  such  purpose.  It  consists  of  a  revolving 
'^^^^^^^H  xed  eccentrically  upon  the  foundation,  and 
^^^^^^^H  Lttencd  top.  The  cone  comprises  a  number 
^^^^^H     'hicll  the  steam-air  blast  reaches  the  fi^^^     The 


Fig.  54. — The  Keiperley  Producer. 


ite  IS,  fixed  in  one  piece  with  the  shallow  iron  water  trough  BB, 
hich  is  continuously  rotated  at  the  slow  rate  of  one  revolution 
rerj  2^  to  3  hours.  The  lower  part  of  the  producer  suiround- 
Qg  the  zone  of  active  chemical  action  is  water-jacketed,  CC, 
m  Older  that  no  incipient  clinkers  can  adhere  to  the  cold  side 
plate.  The  sbwly  revolving  eccentric  grate  disintegrates  chnkers 
More  they  attain  large  dimensions,  and,  pushing  the  ashes 
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outwards  into  the  water  trough,  causes  them  to 
discharged. 

Several  others  of  the  leading  makers  or  produc 
fully  fitted  their  designs  with  similar  mechanical 
for  the  automatic  removal  of  ashes,  and  they  an 
in  increasing  numbers  on  large  installations  in 
the  like. 

(6)  Blowing  Arrangements. — All  large  gas-proc 
on  the  pressure  system,  either  by  means  of  ste 
preferably,  by  a  suitable  fan  or  blower,  stean 
driven.  The  pressure  required  is  usually  only 
water  gauge,  according  to  the  thickness  of  the  f 
of  a  blower-produced  blast,  the  requisite  steal 
through  a  lateral  opening  into  the  air  duct  a  fc 
enters  the  producer.  It  cannot  be  too  often  ur) 
control  and  adjustment  of  the  steam  saturation 
the  blast  is  of  the  utmost  importance  from  the 
efficient  and  uniform  working. 


Power  Plants  and  Suction-produc 

For  the  cleaning  and  cooling  of  producer  gas 
various  arrangements  of  plant  are  employed,  cor 
(i)  a  dust-catching  chamber,  (2)  atmosphei 
usually  of  annular  type,  (3)  water-sprayed  cok 
scrubbers,  (4)  water-sprayed  fans  or  tar  extract 
(5)  sawdust  scrubbers  or  other  equivalent  devi< 
of  tar  fog.  A  photograph  of  a  Dowson  800  B.H 
for  Bituminous  Coal  is  shown  in  Plate  VI. 

For  small  (up  to  200  H.P.)  power  installatior 
which  the  blast  is  induced  by  the  suction  of  the 
("  suction  producers  ")  are  now  largely  employed 
or  coke  as  fuel.  The  first  successful  attempt  to 
ducer  by  suction  in  conjunction  with  a  gas  engin 
L^n  Bonier  in  1896,  who  employed  a  suction  pui 
by  side  with  the  engine  cylinder  and  driven  by  n 
nection  with  the  fly-wheel  axle.  Soon  after  war 
of  the  engine  itself,  on  the  outstroke  of  the  piston,  ^ 
for  the  Bonier  suction  pump,  thus  cheapening  coi 
at  the  same  time  reducing  frictional  losses. 

By  the  year  1901  "  Suction  Gas  Plants  "  were 
the  market,  and  their  use  has  since  steadily  exte 
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»s  illustrated  in  Fig.  55)  consists  of  the  following  essential 
C^)  a  firebrick-lined  generator.  A,  of  cylindrical  section 
=li  -the  fuel  is  gasified  by  means  of  an  air-steam  induced 
it.  The  fuel  is  introduced  through  an  air-tight  feeding 
',    B,  which  drops  it  info  a  storage  and  distillation  bell,  C_ 


Fic.  55. — A  Snction-Gas  Plant. 

atuated  within  the  generator.  The  fire  rests  upon  a  horizontal 
grate  under  which  is  a  shallow  chamber,  D,  with  a  solid  bottom, 
and  a  lateral  opening  communicating  with  the  air  and  steam 
supplies.  (2)  A  vapouriser,  E,  fixed  either  within  or  without 
the  upper  part  of  the  shell  of  the  generator,  in  which  a  regulated 
wa'er  supply  is  vapourised,  usually  at  the  expense  of  some  of  the 
sei  '^le  heat  of  the  hot  gas  leaving  the  generator,  or  sometimes 
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*-  r^  —    *  -. 


bv  the  heat  of  the   fire.      'J     A 
F  tv^r  o^hng  and  washing  the  f^is   in.!   --.    ^^r.   r*.  - 
w»uv  h  wrv-rs  the  double  purpose  ct  i  ^^^  -f-?v^-  -    r  : 
Ami  oa  the  suction  stroke,  of  xninimi.-ir.r  'i^*  ^— ^^- 

rv  cfwrator  b  started  up  by  kintili-:^  i  ^   m  - 
<'^4:\f  with  A  U>Tr  of  coke  or   anth.r*i-:rt*    »-■'-*•*     7 
Si'wn  ur  bv  in<*ans  of  a  hand  fan,  whii-ii  :5  i  i^.^-^rrMT-  :.z- 
^'  tV  iprantu5H     During  the  st^rtir^-'i'p'  y^-  t   r.^  -^ 
v*r  o'ribu^tioa  anp  $ent  into  the  atmosphere  z2s^-izl  i  -^  - 
but  45  s.x-n  4.<  a  rich  enough  gas  is  eexierire^i    x^^—z  ^ 
wtr.u^r<  tr^^m  the  start)  the   engine  is  starvr:  invi  i^  ^ 
<*.'it  oft 

A  tvrtvjl  "  <uvtiv^n  pas,"  generated  from  z'^s  vk?:  ^^  . 
s^:'i^4^:^i  wtth  <ttam  at  51 7^  contained — 

Cv\  =  J  15.  CO  =  2545.  H,  =  13-10.   CR^^y- 

and  N,  =a  5600  per  cent. 

it5  wt  vxlv^ahv*  val,»  bein^tr  127  B.Th-Us.  per  cxih.  fr.  ir  :  :.- 

r^tf  tN-nt^sil  echvicncy  of  the  gasification,  aJkw2£  ::r  i- 
|>^*vr  n^;•;lrt^i  ^>  vinw  the  gases  through  the  system,  i2C  :=.-: 
vxi  t^5e  rv't  vjilv^nnc  vahies  of  the  coke  and  gas  rcspcctrrr  . 
AS";;t  ^>>  5  p^T  cf  nt.  "The  fuel  consumption  on  a  sur&.c  :-i". 
tj  4S  ;:t  t  ;n.  v^r  ewn  sli^chtly  less,  per  B.H.F.  developed  i- 
w'A^^r  vvr.<urr.p::on  tor  scrublnng  the  gas  beingabouti-^fi^  '- 
per  EH  P 

AltSxuh  the  eArUor  Suction  Producers  were  all  desi^* 
jrA^:>  «;>5cr  anthrAcite  and  cv^ke  (and  for  plants  ap  to  200  HP 
ca;\*x::\'  t^-^  is  still  n\*\^mniended)  attempts  have  been  mji 
«-;;>•  <vvrr>e  s;rvve^  to  sol\-e  the  problem  of  dealiizg  with  bin 
rr^.-N^;;^  cwaI  vxi  the  sxKrtiv>n  principle  for  power  purposes.  Th- 
r«  a  xVwVpocut  >»hivh  mil  be  ^-atched  with  inte/cst  by  a^  » 
vhv^  wish  tv^  <ee  ponder  generated  from  coal  more  economicallv  ) 
in  nievi;urti-si2ed  ur^it^  \ 


Amvonl\  Recovery  S'^-stems 

Tn  the  Youn^  and  Bcilhv  Patent,  No.  1377  ^'  1882,  b  co^' 
nectioQ  ^th  the  distillation  of  oU-bearing  shales,  etc,  the 
clji»  wasi  made  for— 

'^  PirtNluction  of  ammonia  frx>m  coal,  ^Kay  ironstone,  ^ 
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other  bituminous  or  carbonaceous  mineral  containing  nitrogen 
by  decomposing  or  burning  the  carbon  resulting  from  the  dis- 
tillation thereof  ...  at  such  a  temperature  and  in  the  presence 
of  such  an  excess  of  steam,  either  alone  or  co-mingled  with  air 
or  with  the  products  of  combustion  of  carbon  and  air  as  will 
bum  the  carbon  and  will  eliminate  the  nitrogen  contained 
therein  substantially  as  hereinbefore  described." 

In  a  paper  by  Mr.  (now  Sir)  George  Beilby  in  the  Journal  of  the 
Society  of  Chemical  Iftdustry,  in  1884,  large-scale  experiments 
were  described  in  which  small  coal  (dross),  containing  nitrogen 
equivalent  to  from  165  to  170  lb.  of  ammonium  sulphate  per  ton, 
was  fed  into  the  top  of  a  red-hot  vertical  retort  by  screw  feeders 
and  was  there  distilled,  yielding  tar  vapours  and  steam,  which 
on  passing  downwards  through  the  red-hot  coke  below  were 
decomposed  into  permanent  gas  and  ammonia.  The  gaseous 
distillation  products  were  taken  off  through  a  suitable  duct 
situated  about  the  middle  of  the  retort.  The  coke  passing  down 
into  the  lower  half  of  the  retort  was  there  burnt  in  a  mixture  of 
air  and  steam  (ij  parts  by  weight  of  steam  to  i  part  of  coal). 
The  united  gases  from  the  upper  and  lower  regions  of  the  retort 
were  subsequently  drawn  through  condensers  and  scrubbers, 
where  the  ammonia  was  separated  and  recovered. 

In  this  way  between  60  and  70  per  cent,  of  the  nitrogen  in 
the  coal  was  recovered  as  ammonia  (the  yields  of  anunonium 
sulphate  ranging  from  90  lb.  to  125  lb.  per  ton  of  the  coal 
charged),  together  with  a  gas,  one  sample  of  which  contained — 

COa  =  166,  CO  =  81,  Hg  =  286,  CH4  =  2-3, 
and  Nj  =  44-4  per  cent. 

The  author  of  the  paper  remarked  that  this  composition  indi- 
cated "  a  rather  excessive  air  supply,  as  we  aim  generally  at  a 
consumption  of  one  half  of  the  fixed  carbon  with  air,  the  other 
half  with  steam.  With  such  an  admission  of  air  the  composition 
of  the  gas  would  probably  be — 

COa  =  21-32,  CO  =»  1072,  Ha  =  3719,  CH4  =  nil, 
and  Na  =  3077  per  cent." 

These  experiments,  extending  as  they  did  continuously  over 
a  period  of  many  weeks,  clearly  demonstrated  the  possibility  of 
completely  gasifying  incandescent  coal,  or  the  carbonaceous 
residue  formed  by  distillation  therefrom,  in  a  current  of  air 
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carrying  with  it  a  large  amount  of  steam,  so 
combustible  gas  together  with  ammonia  equii 
average  two-thirds  of  the  nitrogen  in  the  coal. 


The  Mond  System 

The  final  solution  of  the  problem  on  a  conun 
due  to  the  late  Dr.  Ludwig  Mond,  who,  in 
Address  to  the  Society  of  Chemical  Industry  ii 
described  how  he  had  evolved  the  well-knowi 
for  generating  producer  gas  from  bitiuninous  c 
conditions  which  admitted  the  recovery  of  as  m 
of  anunonium  sulphate  per  ton. 

A  modem  Mond  producer  has  already  bee: 
p.  351.  The  best  practical  results  are  obtained 
producer  with  a  blast-steam  saturation  tempera 
the  mixture  of  air  and  steam  being  preheated  tc 
before  it  enters  the  fuel  bed.  There  is  carried  in 
by  the  blast  about  2  lbs.  of  steam  for  every  i  lb.  • 
One-third  only  of  this  steam  is  decomposed,  by  i 
carbon  in  passing  through  the  fuel  bed,  the  i 
thirds  passing  with  the  hot  gases  out  of  the  pro< 

The  outstanding  features  of  the  process  are  ( 
to  the  cooling  influence  of  the  large  proportion  c 
blast  upon  the  fuel  bed,  the  low  temperature  inl 

C  +  2H2O  =  CO2  +  2H2 

predominates  over  the  high  temperature  *'  water- 

C  -}-  H2O  =  CO  +  H2, 

so  that  the  resulting  gas  has  a  high  hydrogen  ai 
monoxide  content  as  compared  with  ordinary  ] 
and  (2)  that  for  economical  working  it  is  neces 
large  proportion  of  steam  leaving  the  producer  shal 
to  the  system  by  some  efficient  recuperative  arrai 
From  a  coal  containing  between  i-2  and  i-6  per 
gen,  it  is  possible  to  obtain  up  to  90  lbs.  per  ton 
sulphate,  together  with  up  to  150,000  cub.  ft.  of  | 
760  mm.),  of  calorific  value  about  150  gross  and  13J 
per  cub.  ft.  at  0°  and  760  mm.,  containing — 

CO2  =  170,  CO  =  no,  Hg  =  240,  CH4 
and  Nj  =  45  o  per  cent. 
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According  to  the  original  Mmid  Bnti&m  of 
and  steam  recuperation,  the  gas  leaves  the  producer  he: 
charged  with  steam  and  tarry  vapours  at  a  temperatuFe  cr 
between  500*  and  600^  C.  It  then  traverses  tlie  centra  -^ 
of  a  series  of  three  annular  "  superheaters/'  indicated  t} 
the  diagram  (Fig.  56).  each  about  20  ft.  long.  The  in  - 
steam-air  blast  passes  through  the  annulus  between  the  'gl- 
and  outer  tubes  in  the  reverse  direction.  The  temperatr- 
the  gas  is  thus  reduced  to  between  300*^  and  400**  C,  wtL^-  - 
of  the  blast  is  raised  to  about  250*^  C.  Further  "  superlteat::. 
of  the  blast  occurs  as  it  subsequently  traverses  the  slz.-^ 
between  the  inner  and  the  outer  steel  casings  of  the  prcc. 
itself. 

The  partly  cooled  gas  next  passes  through  a  long:  lectaxir. 
and   water-sealed   chamber    (the    "  mechanical    washo-  "> 
where  it  encounters  a  water  spray  thrown  up  by  a  series 
revolving  dashers,  by  which  means  dust,  soot,  and  a  larjge  amc^ 
of  heavy  tar  are  removed,  and  the  gas  itself  is  further  cookc  v 
about  100^  C.    It  next  passes  up  the  lead-lined  scrubbing  to?? 
D,  packed  with  perforated  bricks  or  tiles,  down  which  an  ax 
liquor  containing  ammonium  sulphate  plus  2-5  per  cent 
sulphuric  add  is  sprayed,  the  volume  of  liquor  being  so  adjusts: 
in  relation  to  the  upward  flow  of  gas  that  the  latter  leaves  xit 
tower  at  a  temperature  of  80^  C.  and  free  from  ammonia. 

The  liquor  from  the  bottom  of  the  tower,  D,  runs  into  ar 
open  tank  provided  with  suitable  partitions,  in  order  to  elfminatt 
any  small  quantity  of  surface  tar  in  it.  To  the  main  bulk  o> 
the  circulating  liquor  is  added  a  regulated  quantity  of  sulp&si: 
add,  after  which  it  is  again  pumped  up  to  the  top  of  the  add 
tower,  D.  A  portion  of  the  liqour  is,  however,  removed  from  tk 
circuit,  and  evaporated  to  crystallising  point  in  a  spedal  vacumn 
evaporator  heated  by  means  of  steam  pipes.  After  separati<7ii 
of  ammoniom  sulphate,  the  mother  liquor  is  pumped  back  into 
the  main  liquor  circuit. 

The  ammonia-free  gas,  on  leaving  the  add  tower  at  80'  C, 
is  passed  up  the  "  gas-cooUng  tower,"  G,  where  it  encounters  2 
downward  spray  of  cold  water,  so  regulated  that,  whilst  the  gas 
is  cooled  down  to  about  60°  C,  the  water  is  heated  up  to  between 
75**  and  78**  C. 

The  gas  passes  thence  onwards  to  the  place  of  consiunptioB, 
a  second  water-sprayed  cooling  tower  being  previously  used  in 
order  to  cool  the  gas  down  to  30^  C,  at  which  temperature  it 
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lias  tt^f\.'i\  'w^^.  i>-icJ  ■;•:<-  ."-   .'::   .-i— _.=-  L  . 
(•iiiiu-d  tlmt  Hj(-Tt  art  juir*::'   ii-^T^i— :   t::^^  . 

An  of'fiiury   Ui'^Mtr     A    is    u^^i    t     i—  = 

(sluiwn  tlms JD  -^   di&£rair.    r;j:; 

H  v^rtit  al  slatic  iiiten^jve  .^jr-=iiTnr.:-:inr  ri 
wliii  li  it  is  broufilji  into  ictiiaiiit  cnna—  vm 
IujI  Iiy  cdnliiij,'  tJit  gas  at  a  later  ^.uin  oi  tar 
Im;<  ijiiics  &aturat«^d  with  steam,  and.  tr.e  ivrsr 
■>ii|i|>ly  (,f  afeam,  it  pasMrs  into  the  Scpe=tt;ai 
the  air  uiid  :>feam  mixture  is  superbeaieC  br  n 
Itavinn  Ilia  Producer  (D).  The  air  and  sp.i 
iwsaea  to  tJie  grate  of  the  Producer. 

The  Producers  (D),  witich  may  haw  a 
merhaiiiral  i^rate  (K),  according  to  drcomstaa 
I"  Iw  used,  are  provided  with  a  water  seaj    F; 
*talii-s  may  lie  removed  in  the  fonner  case  anti 
the  latler  manually— without  interfering  ir 
operation  o(   the   Producers.     The   hot   g; 
ammonia  leave  the  Producers  at  the  top  and 
heaters  {C)  and  superheat  the  air  and  st 
passing  (in  the  opposite  direction)  to  the  pr 
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same  time  the  gases  are  cooled  thereby — thus  recovering  a  great 
amount  of  heat.  On  leaving  the  superheaters  the  gases,  after 
passing  through  special  Dust  Separating  Apparatus  (G),  enter 
the  vertical  intensive  static  Ammonia  Absorber  (K),  where  they 
are  brought  into  intimate  contact  with  an  atomised  solution 
of  sulphate  of  ammonia,  containing  a  small  excess  of  sulphuric 
acid,  which  absorbs  the   ammonia   thus   produced.     The  said 


(A)  Blower. 
(D)   Producers. 

iK)  Aramonia  Absorber. 
Nj  Circulating  Vciacla. 


(B)  Air  Saturator. 
(E)  Meclianical  Crate. 
(L)  Gas  Cooler  (i). 
(O)   Fuel  Bunker. 
[Sj  Ash  Remover. 


(C)  Superheaters. 
(F)   Water  Seal. 
(M)  Gas  Cooler  (2). 
(R)  Charging  Hopper. 


solution  thereby  becomes  very  concentrated  and  requires  very 
little  evaporation  tor  the  crystallising  out  of  the  soUd  salt. 

From  the  Ammonia  Absorption  Apparatus  the  gases,  after 
being  freed  from  the  ammonia,  pass  into  the  vertical  static 
intensive  Gas  Cooler  (L),  in  which  they  are  brought  into  intimate 
contact  with  cooled  water.  The  Gas  Cooler  and  the  Air  Satiu"ator 
work  in  one  cycle,  the  water  first  passing  through  the  Gas  Cooler 
in  order  to  cool  the  gas  (the  water  being  heated  thereby),  and 
then  into  the  Air  Saturator  in  order  to  saturate  the  air  and 
again  cool  the  wafer  ready  for  the  Gas  Cooler.  It  will  be  seen 
BB  369 


COAL  AND  ITS  SCIENTIFIC   U: 

that  by  this  means  a  very  large  amount  of  stej 
from  the  gas. 

""  From  the  Gas  Cooler  the  gases  pass  to  a  sec 
(M),  wherein  they  are  brought  again  into  con 
water.    The  gases  are  now  sufficiently  cool  and 
boilers  or  furnaces.     If  for  use  in  gas  engines,  th 
pass  through  one  or  perhaps  two  centrifugal 
they  are  almost  entirely  freed  from  tar ;  from  hen 
ing  a  special  Water  Spray  Separator),  the  ga 
through  a  dry  Scrubber  filled  with  sawdust  or 
in  which  the  last  traces  of  tar  are  removed ;  the  lai 
are  not  shown  on  the  diagram.     The  gas  is  tl 
and  suitable  for  use  in  gas  engines. 

The  circulating  vessels  (N)  receive  the  water 
the  washers,  whence  they  are  repiunped  to  the  v 
the  overhead  fuel  bunker,  and  (R)  the  charging 
producer.     (S)  is  the  automatic  Ash  Removing  i 
Before  leaving  the  subject  of   Anmionia  Rec 
should  be  made  of  the  enterprise  of  the  SoutJ 
Mond  Gas  Company,  who,  from  a  central  genei 
Dudley  Port  near  Tipton  (a  photograph  of  whicl 
in  Plate  VIII)  distribute  gas  of  net  calorific  valiw 
per  cubic  foot  at  o°  and  760  mm.  to  various  conj 
industrial  area  of  123  square  miles.     The  average 
before  the  war  was  as  low  as  ild.  per  1000  cub. 
equivalent  to  ordinary  town's  gas  at  about  jd.  pc 
In  concluding  this  short  review  of  modem  gas-pn 
attention  may  be  directed  to  its  importance  in  1 
problem  of  the  utilisation  of   low-grade  fuels,  ei 
combined    with    ammonia    recovery    methods, 
adoption   within  recent  years  of  mechanical  di 
automatic  removal  of  ashes  has  enlarged  its  e< 
bihties  in  regard  to  gasifying  non-caking  or  feebl] 
containing,  or  associated  with,  a  large  proportic 
matter,  which  could  not  be  treated  in  a  Washer 
to  subsequent  coking. 

With  an  efficient  type  of  generator,  properly 
is  possible  to  gasify  practically  the  whole  of  the  < 
in  such  a  way  that  the  net  calorific  value  of  the 
when  cooled  and  washed  free  from  tar,  shall  be 
75  per  cent,  that  of  the  original  fuel.  Moreover, 
of  the  recoverable  ammonia,  with  a  coal  contai 
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cent,  of  nitrogen,  may  amount  (on  pre-war  prices)  to  from  3s.  6d, 
to  45.  6d.  per  ton  of  coal  gasified.  The  chief  hindrance  to  the 
more  general  adoption  of  anmionia  recovery  methods  has  hitherto 
been  the  ground  space  required  by  the  plant  and  the  initial 
capital  outlay  needed ;  but  it  is  undoubtedly  a  profitable  under- 
taking where  these  factors  are  of  subordinate  consideration. 

In  operating  on  a  large  scale,  and  especially  in  metallurgical  or 
ceramic  works,  where  gas  is  being  generated  mainly  for  furnace 
piuposes,  concentration  of  the  gasification  in  one  central  battery 
of  producers  under  proper  scientific  control  is,  in  the  author's 
experience,  an  essential  condition  to  the  attainment  of  the 
best  results.  The  running  of  such  plants  is  too  often  left  to 
unskilled  workmen  under  the  supervision  of  a  foreman  who 
understands  little  or  nothing  about  the  principles  involved.  In 
such  cases  it  is  not  surprising  that  the  results  attained  fall  far 
short  of  what  they  might  be  under  better  direction.  In  the 
course  of  his  professional  experience  the  author  has  sometimes 
come  across  cases,  and  especially  in  steel  works,  where,  for  want 
of  proper  scientific  control,  upwards  of  100  tons  of  coal  per  diem 
were  being  gasified  in  producers  under  conditions  which  mean 
the  needless  waste  of  fully  25  per  cent,  (and  sometimes  more) 
of  the  fuel  consumed.  And,  so  far  as  this  country  is  concerned, 
there  is  perhaps  no  branch  of  fuel  technology  in  which  the  sub- 
stitution of  scientific  for  rule-of-thimib  methods  would  realise 
greater  margins  of  improvement  than  in  connection  with  the 
generation  and  appUcation  of  producer  gas  for  furnace  purposes. 


371 


f 


CHAPTER  XVIII 

WATCH  GAS  AND  ITS  APPLICATIONS 

Tke  need  of  a  cheap  gaseous  fuel  of  high  caloriAc  intotiaiT 
for  certain  iadustiial  purposes  (e.  g.  steel  welding)  has  led  to  tic 
utilisation  of  the  well-known  endothennic  interaction  of  slera 
and  incandescent  carbon  at  high  teroperatuies,  discovered  h 
Fontana  as  long  ago  as  the  year  1780. 

C  +  OH,  =  CO  +  H, -  29  K.CUs. 

A  mixture  of  carbon  monoxide  and  hydrogen  in  nearly  equ) 
volumes,  which  is  generally  known  as  "  Water  Gas,"  can  !» 
easily  generated  on  a  large  scale  by  passing  steam,  preferaU> 
super-heated,  through  a  bed  or  column  of  cofce  or  cbanxii 
maintained  at  a  temperature  of  1000°  C.  or  upwards. 

For  the  process  to  be  made  continuous  in  practice,  beat  maid 
have  tobe  transmitted,  from  an  external  source,  through  the  walls 
of  the  reaction  chamber  (e.  g.  a  retort),  made  of  some  smtabk     I 
refractory  material  whose  heat  conductivity  would  be  fairiy 
low.    And  inasmuch   as   such   procedure   would    certainly  he     \ 
uneconomical,  all  idea  of  adopting  it  was  soon  abandoned  in      , 
I,i\'uurof  an  intermittent  process,  in  which  the  bed  of  fuel  (usoallv 
tiik<-)  is  alternately  blown  (i)  with  air,  until  the  whole  nuss 
attains  the  necessary  high  temperature,   and   (2)  uith  supei-     / 
hc^aied  steam  for  so  long  as  the  high  temperature  reaction,  ' 

(I)  C  +  OH,  =  CO  -1-  H, -  29  K.CUs.  j 

(which  may  be  termed  the  true  "  water-gas  "  reaction)  can  prct-     ) 
cced  without  undue  occurrence  of  the  low  temperature  change,     1 

(2)  C  +  2  0H,=:C0,+  2H, -iqK.CUs.        ^ 

The  influence  of  (2),  which  begins  to  be  felt  as  soon  as  the  tern-  I 

PCratuie  foils  much  below  1000°  C,  rapidly  increases  as  the  fuef  I 

*>ed  is  further  cooled,  until  at  600°  it  becomes  predominant  , 

Under  conditions  prevaiUng  in  lai^-scale  practice,  it  is  never  ( 
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possible  to  exclude  altogether  the  operation  of  (2);  all  that  can 
be  done  is  to  restrict  it  within  narrow  limits.  Hence  the  "  water 
gas  "  which  is  generated  for  industrial  uses  is  never  the  theoretical 
mixture  of  equal  volumes  of  carbon  monoxide  and  hydrogen 
resulting  from  the  true  "water  gas"  reaction  (i),  but  usually 
contains  at  least  3  or  4  per  cent,  of  carbon  dioxide,  and  some- 
what higher  proportions  of  hydrogen  than  of  carbon  monoxide, 
because  of  the  simultaneous  but  limited  operation  of  the  aforesaid 
reaction  (2). 

The  manufacture  of  the  gas  on  a  large  scale  is  always  carried 
out  in  a  "  generator  "  whose  form  and  dimensions  are  similar 
to  those  oi  an  ordinary  "  dry  bottom  "  gas  producer  {vide  the 
preceding  chapter)  in  which  the  fuel  bed  is  supported  on  a  suitable 
grate.  Indeed,  it  may  be  said  that  the  main  difference  between 
the  processes  of  making  "  producer  gas  "  and  "  water  gas  "  is 
that  whereas  (i)  in  the  former  case  a  mixture  of  air  and  steam 
is  passed  continuously  through  the  fuel  bed,  in  such  proportion  as 
will  maintain  its  temperature  conditions  as  nearly  constant  as 
possible,  so  that  a  gas  of  uniform  composition  is  continuously 
generated,  (2)  in  the  latter  case  the  two  gasifying  agents  (i.  e.  the 
air  and  the  steam)  are  admitted  ailernatdy,  each  for  a  definite 
period,  and  the  products  of  the  action  of  each  are  kept  separate. 
In  both  cases  gasification  of  the  fuel  goes  on  continuously,  in 
the  first  case  uniformly  all  the  time,  but  in  the  second  case  in 
accordance  with  alternaiing  reactions. 

The  Original  Lowe  Process 
In  reviewing  the  commercial  history  of  water  gas,  it  should  be 
noted  that  already  in  1830  the  use  of  a  carburet  ted  gas  for  illumin- 
ating purposes  had  been  introduced  by  Donovan,  but  apparently 
the  project  was  only  very  short-lived.  Also,  that  in  1849  Gillard 
devised  a  system  of  generating  the  gas,  which  embodied  the 
principle  of  alternately  blowing  the  incandescent  fuel  with  air 
and  steam  so  as  to  avoid  any  external  heating  of  it.  Moreover, 
during  a  period  of  nine  years  ending  1865,  the  town  of  Narborme 
was  lighted  by  blue  water  gas  in  conjunction  with  mantles  or 
meshes  of  platinum  wire,  and  in  this  connection  internally  heated 
generators  were  employed.  The  use  of  the  gas  in  Europe  seems 
to  have  died  out  altogether  with  the  abandonment  of  this 
Narbonne  project.' 

'  See  Prof.  G.  Lunge's  article  on  "  Gaseous  Fuel,"  Eneyclop.  Bril,, 
loth  ed.  (1902),  XXVIIl..  p,  602. 
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The  later  revival  and  development  of  water  gas  a 
fuel  must  be  credited  to  the  pioneering  labours  of 
Strong,  and  Tessid  du  Motay  in  the  United  Stal 
early  seventies  of  last  century.  The  iSrst  permanej 
achieved  in  the  year  1873,  when  Lowe  introduced 
Phoenixville.    In  1882  a  Lowe  apparatus  was  insta 

Nothing,  however,  was  done  in  this  country  un 
1888,  when  the  British  Water  Gas  S5aidicate  inst 
Lowe  plant  in  Great  Britain  at  the  Leeds  Forg€ 
embodied  the  now  obsolete  idea  of,  during  the  "  air 
facturing  a  low-grade  "  producer  gas  "  (a  mixture 
of  carbon  and  nitrogen  in  which  carbon  monoxide 
dominating  carbon  constituent),  for  furnace  purpos 
a  deep  fuel  bed  with  an  air  blast  at  moderate  pi 
operation  was  alternated  with  the  usual  "  steam  b 
production  of  water  gas."    The  "  air  blow  "  occupie 
and  the  "  steam  blow  "  only  4  minutes,  and  each  tc 
yielded  no  more  than  about  34,000  cub.  ft.  of  "  wa 
as  touch  as  140,000  cub.  ft.  of  "  producer  gas,"  onl} 
of  the  carbon  in  the  fuel  appearing  in  the  "  water  ga 

According  to  the  late  Professor  V.  B.  Lewes  the 
of  this  "  producer  gas  "  made  during  the  "  air  blo¥ 

CO,  =  4*0,  CO  =  290,  Hj  =  25,  and  N,  =  64-5 

so  that  it  could  be  used  as  a  low-grade  furnace  gas, 
the  whole  cycle  of  operations  thermaUy  more  ecor 
might  appear  at  first  sight. 


The  Dellwik-Fleischer  System 

About  ten  years  later  the  process  was  much  ii 
Dellwik  and  Fleischer,  who  proposed,  during  the  i 
heat  up  a  comparatively  thin  bed  of  fuel  as  rapidly 
by  means  of  a  powerful  blast  supplied  in  such  quantit 
the  carbon  as  completely  as  possible  to  the  dioxide. 

In  the  Dellwik-Fleischer  system  (Figs.  61  and  62),  i 
by  Mr.  Dellwik  in  a  paper  before  the  Iron  and  Stc 
in  the  year  1900,^  the  generator  is  of  cylindrical  se( 
firebrick  lining  encased  in  a  steel  shell.  The  fuel  bed 
in  thickness)  rests  on  a  flat  bar  grate  on  a  level  wit 

*  Journ,  Iron  and  Steel  Institute,  1900,  I.,  p.  123 
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kerii^  bars,  and  below  which  are  doois  for  the  renioval  of 
2s.  Xfae  air  blast  always  enteis  the  fuel  bed  from  below 
>ugli  a.  valve,  and  the  im>ducts  of  the  "  air  Mow  "  leav'e  the 
erator  by  the  central  stack  valve,  through  which  also  the  fuel 
.barged  from  a  small  hopper  waggon. 

3uring  the  "  steam  blows  "  superheated  steam  from  a  bmler. 
rking  at  a  pressure  of  150-160  lbs,  per  square  inch,  b  blown 
rough  the  incandescent  fuel  bed  in  either  an  upward  or  down- 
Lrd  direction,  the  direction  being  re\'ersed  in  each  succesave 


Fig.  61.— Dellwik-Fleiadier  Water  Gas  Plant. 


blow.  Accordingly,  there  is  one  "  water  gas  "  outlet  at  the  top 
of  the  generator,  and  another  below  the  grate,  each  provided  with 
a  valve  leading  to  the  annular  "  superheater,"  which  serves  to 
effect  a  heat  exchange  between  the  outgoing  hot  gas  and  the 
inconung  steam  blast,  thus  superheating  the  latter. 

At  the  bottom  of  the  "  superheater  "  is  a  water  seal  through 
which  the  gas  passes  onwards  to  a  coke-scrubber,  where  it  is 
cooled  and  cleaned  from  dust  by  means  of  a  water-spray ;  from 
thence  the  cold  gas  passes  into  a  holder.    T»-  -  valves 

ol  the  generator  are  operated  by  an  inter'  whicl" 

makes  it  impossible  for  the  operator  to  r  or  ' 
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get  an  explosive  mixture  in  any  part  of  the  pi 
water  gauges  and  a  test  flame  on  the  operating  pi 
the  working  conditions  in  the  generator  at  any  m 
the  quality  of  the  gas  during  the  "  steam  blow." 

The  method  of  working  the  process  is  as  f( 
having  been  built  on  the  grate,  and  the  generat 
proper  level  with  coke,  the  blast  valve  is  opene< 
raised  as  quickly  as  possible  to  a  high  degree  of 
The  products  of  combustion,  which  should  contaii 
proportion  of  carbon  dioxide  than  of  the  monoxit 
to  escape  through  the  central  stack  valve.    At  i 
of  the  "  air  blow,"  one  of  the  two  gas  outlets — ^f< 
upper  one — ^is  opened,  the  blast  and  stack  valve 
taneously  closed  by  means  of  a  gearing  on  the 
Steam  is  then  admitted  to  the  bottom  of  the  gen 
passing  up  through  the  bed  of  incandescent  coke 
by  interaction  with  the  carbon,  forming  water  ga 
the  temperature  of  the  fuel  bed  has  fallen  beloip 
which  carbon  dioxide  is  generated  in  larger  propoi 
normal,  the  steam  is  shut  off,  the  gas- valve  being  j 
closed  and  the  stack  valve  opened  again.     The 
then  opened  for  another  blow  of  60  to  90  seconds, 
gas-making  period  the  lower  gas  outlet  is  opened, 
admitted  above  the  fuel  bed,  which  it  then  traven 
ward  direction.     By  thus  reversing  in  alternate  run 
of  the  "  gas-making  "  current,  the  temperature  o: 
is,  as  far  as  possible,  equahsed,  and  excessive  wej 
point  on  the  lining  of  the  generator  avoided.     In  m 
each  air  blow  lasts  from  60  to  90  seconds,  and  eac 
run  from  4  to  6  minutes. 

The  DeUwik-Fleischer  system  was  investigated 
Professor  V.  B.  Lewes,  who  found  that  **  one  thousi 
of  water  gas,  containing  15  lb.  of  carbon,  are  obt 
total  expenditure  of  29  lb.  of  carbon,  so  that  over  3 
the  carbon  is  obtained  in  the  gaseous  form  .  .  .  t 
in  the  experiment  made  contained  87-56  per  cent. 
1961-3  lb.  per  ton  .  .  .  and  this  amount  yielded 
feet  of  water  gas."  The  latter  (average  of  three  a 
tained — 

CO,  =  4-73,  CO  =  3890,  H2  =  5176,  O2  = 
and  Nj  =  3-8  per  cent. 
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WATER  GAS  AND  ITS  APPLICATIONS 

According  lo  Mr.  Carl  Dellwik,  tlie  average  composition  of  the 
gas  produced  from  coke  by  the  system  is  approximately — 

COg  =  40.  CO  ^  420,  Ha  =  510,  CH«  =  0-5, 
and  Nj  =  25  per  cent. 

In  a  ten-hours  test  of  a  Dellwik-Fleischer  Plant  carried  out 
some  years  ago  under  the  author's  super\ision  at  a  large  works 
in  the  North  of  England,  where  the  gas  was  used  for  steel- 
welding  puqxises,  the  yield  of  gas  per  ton  of  dry  coke  containing 
87-4  per  cent,  of  carbon  was  61.800  cub,  ft.  at  0°  C.  and  760  mm. 
(  =  65,200  cub,  ft.  at  15°  C.  and  760  mm.),  and  the  ratio  of  the 
carbon  in  the  gas  obtained  to  that  on  the  dry  coke  used  was 
0-505.  The  average  calorific  value  of  the  gas  was  321  gross  and 
293-1  net  B.Th.Us.  per  cub.  ft,  at  0°  C.  and  760  rhm.,  and  its 
average  chemical  composition  was  as  follows : — 

COj  =  3-90,  CO  =  4290,  Hj  =  49-15,  CH,  =  0-55, 
and  N,  =  3-5  per  cent. 

The  ratios  between  the  heat  units  in  the  gas  and  those  in  the 
coke  were  gross  =  0-656  and  net  —  0-605.  The  average  duration 
of  each  of  the  "  air  blows  "  was  60  seconds,  and  that  of  each 
"  steam  or  gas-making  run  "  was  234  seconds. 

The  "  K  anh  A  "  System 

Another  system  of  water-gas  making  is  that  embodied  in  the 
Kramers  and  Aarfs  patents  (the  "  K  and  A  "  system),  according  to 
which  two  generators,  A  and  B  (Figs.  63  and  64),  connected 
through  a  double  "  regenerator,"  C,  are  operated  in  parallel 
during  the  "  air  blow,"  but  in  series  during  the  "steam  blow," 
somewhat  as  follows  : — 

During  the  "  air  blow  "  the  fires  {5  to  6  feet  in  thickness)  in 
both  regenerators  are  simultaneously  blown  in  parallel  by  a 
powerful  blast,  which  is  introduced  from  below.  The  hot  pro- 
ducts (COj,  CO,  and  Nj),  on  leaving  the  top  o(  the  generators  pass 
upwards  through  the  "  double  regenerator,"  a  cylindrical  struc- 
ture tilled  with  firebrick  checker  work  and  divided  vertically 
into  two  chambers  or  compartments  by  a  central  firebrick  wall. 
As  the  hot  products  enter  in  parallel  streams  at  the  base  of  one 
or  other  of  the  two  chambers,  they  meet  a  secondary  air  supply 
sufficient  to  bum  completely  all  the  carbon  monoxide  which  they 
may  contain.  The  checker  work  in  the  chambers  absorbs  part 
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of  the  heat  of  the  burnt  gases  which  eventually  make  ibanx.'  1 
into  the  outer  atmosphere  through  the  sUck  valve,  D  (Fig^^. 
at  the  top  of  the  double  regenerator. 


1 


As  soon  as  the  lires  in  the  two  generators  have  attained  tbt 
necessary  high  temperature,  the  air  and  stack  valves  are  shut, 
and  the  steam  valve  simultaneously  opened.  The  steam,  eolemif 
the  base  of  the  first  generator,  traverses  the  fire  contained  tbereii 
n  an  upward  direction.  The  products  (CO,,  CO,  H,,  and  mm 
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undecomposed  steam),  passing  out  at  the  top,  t 

direction  the  two  chambers  of  the  **  double  re, 
which  they  enter,  in  a  highly  "  superheated  "  o 
of  the  second  generator,  through  which  they  pas 
direction. 

In  this  way,  it  is  claimed,  the  gases,  just  pri< 
sjrstem,  come  into  contact  with  a  bed  of  higl 
carbon,  the  temperature  of  which  has  not  been 
by  the  main  endothermic  steam-carbon  interact!* 
pally  occurs  in  the  first  of  the  two  generatoi 
"  steam  blows"  the  direction  of  the  steam  and  ^ 
in  order  to  ensure  the  maximum  of  uniformity 
conditions. 

The  plant  (Plate  IX)  is  operated  by  means  oi 
valve  gear,  which  prevents  mistakes  on  the  part 
The  hot  gas  produced  passes  from  the  botton 
generator  upwards  first  of  all  through  the  annula 
heater,"  E  (Fig.  64),  whereby  part  of  its  sensible  he 
to  the  in-going  steam  blast,  and  then  through  \ 
where  it  is  cleaned  and  cooled  by  a  downward  ^ 

Soon  after  the  process  had  been  established 
the  author  had  the  opportunity  of  thoroughly  : 
working  in  conjunction  with  steel  welding  operati* 
of  England.     The  results  of  a  measured  trial, 
altogether  over  a  period  of  6  hours,  may  be 
follows : — 

(i)  The  gas  coke  charged  into  the  generator 
per  cent,  of  moisture. 

(2)  The  dry  coke  contained — 

Carbon  =  87  20,  Hydrogen  =  1*20,  ai 
per  cent.,  and  its  net  calorific  value  was  ] 
per  lb. 

(3)  Total  weight  of  dry  coke  gasified  =  35-45  c 

per  hour. 

(4)  Total  dry  gas  made,  at   0°  C.    and   760  : 

cub.  ft.  =  21,833  cub.  ft.  per  hour. 

(5)  The  average  composition  of  the  dry  gas  wa 

C02  =  375,  CO  =  4370,  H2  =  45io,  C 
Ng  =  6*95  per  cent. 

(6)  The  average  calorific  value  of  the  dry  gas  v 

and  284  o  net,  B.Th.Us.  per  cub.  ft.  at  0' 
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The  average  duration  of  each  "  air  blow  "  was  70  seconds. 
The    average  duration  of  each  "steam  run"  was  308 
seconds. 

>in  the  foregoing  figures  it  follows  that — 

The  yield  of  dry  gas  at  0°  C.  and  760  mm.  per  ton  of  dry 

coke  gasified  =  73,920  cub  ft.  =  77,980  cub.  ft.  at  13°  C. 

and  760  mm. 
)  The  ratio  of  the  carbon  in  the  gas  obtained  to  that  in  the 

coke  gasified  was  0*6065. 
)  The  ratio  between  the  heat  units  in  the  gas  to  those  in  the 

dry  coke  were  :  gross  =  0-766,  and  nd  =  0705. 

t  should  be  observed,  however,  that  the  above  figures  do 
take  into  account  the  energy  expended  either  in  raising  the 
3011  required  to  generate  the  gas  or  in  blowing  the  fuel  bed 
ring  the  air  blows. 

Prom  the  foregoing  descriptions  and  data,  it  seems  reasonable 
conclude  that  the  more  efficient  types  of  water-gas  plants 
s  capable,  in  regular  daily  working,  of  transforming  into  water 
.s  between  50  and  60  per  cent,  of  the  carbon  in  the  coke 
larged  into  the  generator,  and  of  yielding  a  gas  whose  nei 
dorific  value  may  be  anything  between  60  and  70  per  cent. 
i  that  of  the  fuel  gasified,  without  counting  the  energy  required 
Lther  to  raise  the  steam  or  blowing  the  fuel  bed. 

In  pre-war  days,  with  coke  at  12$.  6d.  per  ton,  the  cost  of 
ciaking  "  blue  water  gas  "  in  this  country,  based  upon  an  assumed 
rield  of  70,000  cubic  feet  per  ton,  would  with  continuous  running 
3e  from  4^^.  to  4^4.  per  1000  cub.  ft.,  including  fuel,  wages, 
interest,  depreciation,  and  all  standing  charges.  This  would  be 
equivaknt  to  coal  gas  at  from  8Ji.  to  gd.  per  1000  cub.  ft.  The 
cost  of  purifying  the  gas  from  sulphuretted  hydrogen  by  means 
of  oxide  of  iron  may  be  taken  at  between  0-60  and  rod,  per 
1000  cubic  feet. 

Blue  Water  Gas 

The  gas  generated  from  coke  by  such  processes  as  the  foregoing 
has  the  following  representative  composition : — 

Carbon  dioxide  (and  H,S)    .         .      4-5 


Carbon  monoxide 
Hydrogen 
Methane    . 
Nitrogen   . 
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Its  density,  referred  to  air  as  unity,  is  0-553  and  its  groa  iMrA 
calon6c  values,  per  cub.  ft.  at  0°  C.  and  760  mm.  are  316-1  -  l 
2894  B.Th-Us.  respectively.  It  bums  with  a  blue  non-ljaa.'.  | 
flaine  (hence  the  name  "  blue  water  gas  "),  and  reqioTes  n.tf  1 
less  than  half  of  its  own  volume  of  oxygen  for  ctm;^- 
combustion  (e.  g.  one  volume  of  gas  of  the  above  can^:.  I 
tion  would  require  0-465  volumes  of  oxygen  or  222  volun.- 
of  air). 

Owing  to  the  fact  that  the  heat  capacity  of  tlK  pioi-^- 
per  unit  of  heat  developed  on  combustion  is  comparadwlj- '.-.-. 
and  to  the  shortness  of  its  flame,  its  calorific  intensity  is  li^lt- 
than  that  of  coal  gas,  and  it  is  well  adapted  for  operations  ■' 
quiring  intense  local  heat.  On  this  account  it  is  much  ibd .'  - 
steel  welding  and  like  purposes. 

Its  high  CO-content  makes  it  a  very  poisonous  gas,  ani'i 


Fic.  65. 


using  it  special  precautions  should  be  taken  to  avoid  esapesi): 
leakages  of  it  into  the  workshops.  Moreover,  on  account  iv 
its  large  hydrogen  content,  its  mixtures  with  air  haw  ■ 
rather  wide  range  of  explosibility,  and  are  very  liable  to  bid 
fire.  I 

Steel  Welding  by  Water  Gas. — The  most  important  indnstiii  1 
application  of  blue  water  gas  is  undoubtedly  steel-plate  weifc  ' 
and  a  large  industry  has  grown  up,  especially  in  Germany,  k  j 
the  manufacture  of  welded  steel  tubes  of  large  dimendons.  Tit  j 
overlapping  joint  to  be  welded  is  heated  simultaneously  Er<n  I 
both  sides  by  special  burners  (Fig.  65)  fed  with  both  water  g^  I 
and  air  under  pressure,  which  on  mingling  produce  ainted  ' 
flames  of  great  heating  powers.  As  soon  as  the  jcnnt  attains  ik  I 
proper  welding  heat,  it  is  quickly  passed  through  spedaj  nit  , 
^(  hich  bring  about  a  perfect  weld.  The  gas  has  also  been  nxd  I 
in  Sweden  for  small  steel  melting  and  re-heating  furnaces. 
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WITH 


rving  to  tlie  ease  and  rapk^ty  mtir  Ytara  i:  rxr  ^e  4!i8!]kcxci!^ 
plajut  of  modoate  dimessscic&  t:«caiar  ^^ri  as.  cwmcft- 
ly  speaking,  low  cost  of  prce^rbrcL  wmst  ps  ^ift&  lar  juar^ 
rs  past,  been  iaigdy  used  i=  ibs  r^-i:.T.T-T  30:  msoK  '•era 
Hilary  coal  gas  for  public  scpcihr. 

ometimes  "bfaie  water  ps"  piria*i  r-oir  snrVhTPyngiC 
irogen  is  so  used.  Thns^cQeiicseEaiiiiiii^s-^n^sseni^ucA 
cture  composed  of  So  pa-  oesn.  re  r:.il  ps 
le  ^vater  gas»  faavii^  a  14-5  to  15^  rj-nTtf  Jrmmufcmg  i< 
d  a  net  calorific  vahie  cq:^  re  53:  H  Ti.  Vs.  Tier  nnnr  Jivc 
Usually,  however,  it  nnder?c«s  a  pr^z^ess  re  cnnrrmrm: 
seous  hydiocaibcHis.  gcneiatied  ^  cr&rkn^  Tie=r:ii?inL  la.  ai 
gb  temperatnie,  beidie  han^  =±kc  -wtjl  rat  rr-tl  cas.  His 
iriched  water  gas,  wiikli  k  xeaZj  a  b:mi:«agLTis  in  1  ir^  a: 
blue  'water  gas  "  and  "  cd  "■  ga&  is  SBDsrLrT  knrnct  Jts  *  zar- 
uretted  water  gas."  Its  cccrpcsmnL  5gci?my  nr  rnnat  tckil 
he  proportion  of  oil  nsed  in  irs  =2£=:ziiimr^  bci  -^at  ializwoK 
nay  be  given  as  typical 


— "» 


Carbon  dioxide    . 

*■»■  '^  m 

Z-'KL 

;..* 

Carbon  monoxide 

Z.^-3Z 

r--=;^ 

i     '     ^' 

Ethylene  and  PiDp\  kne 

Z!Z'3' 

r-:-S: 

'^"^'     M 

Benzenes 

■w  _»  •» 

-—  A 

Methane 

^^s^ 

"•'••"^ 

X*  •"^" 

Hydrogen    . 

^»  ^ 

If  ■^- 

^*'^ 

Nitrogen 

M 

i'^- 

loi-^: 

II^l'-IC 

Zrj^r'Xj 

Density  (Air  =  i) 

-      '^^^5 

C'O:-- 

Candle  Power 

Z2 

3^ 

Vols,  of  Air  leqoiied  to  b 
I  voL  of  the  gas 

fj^. 

The  density  of  the  gas  .'Air  =  x-^cc  nss^Zy  raxies  httween 
057  and  075  and,  oompoied  wiih  coal  os  of  esq::*!  candle  power, 
it  bums  with  a  smaller  and  mone  btiliiast  flame.  Mcweover, 
as  it  contains  hardly  more  than  a  fith  of  the  sdpttar  afaaUy 
present  in  crude  coal  gas,  and  this  aizx«t  entirely  in  the  form 
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of  sulphuretted  hydrogen,  it  is  readily  purified  I 
treatment  only,  which  is  said  to  reduce  the  sulph 
as  low  as  5  grains  per  100  cub.  ft. 

In  the  United  States,  where  the  manufactum 
originated  in  1885,  some  of  the  gas  companies 
retted  water  gas  only  to  their  consumers.  Ii 
mixture  of  one  part  of  coal  or  coke  oven  gas  wi 
to  five,  or  even  six,  parts  by  volume  of  carburet 
suppUed.  The  following  figures,  kindly  fumishe 
by  Messrs.  Humphrejrs  &  Glasgow,  Ltd.,  showi 
proportion  of  each  gas  contained  in  the  publi 
number  of  the  largest  American  cities,  are 
interest  in  this  connection  : — 

Percet 


y^ 


City.  Coal  Gas. 

Baltimore,  Ind 46-2 

Boston,  Mass 44-5 

Chicago,  111 17-5 

St.  Louis,  Ms .71-0 

Rochester,  N.Y 17-0 

Springfield,  Mass 47-5 

Washington,  D.C nil 

Worcester,  Mass 61 -o 

New  York  and  Brooklyn  Area    .      .  13-4 

The  quality  of  the  gas  supplied  to  these  cities, 
self-illuminating  power  and  calorific  value,  is,  as  a 
higher  than  that  which  we  in  England  are  nowad 
to.     Thus  the  results  of  the  tests  made  by  the 
Commission  on  the  gas  supplied  in  New  York, 
MetropoUtan  District  between  January  i  and  Ai 
at  various  public  testing  stations  in  the  area  wer 

Illuminating  Value  in  Candles.    Gross  Calorific  Va 

?rsts.^   Max.   Min.   Mean.      ^^jl     Max. 
3146   274    16-9    22*4        2644   750 

The  following  may  be  given  as  a  represents 
composition  of  the  Carburetted  Water  Gas  manuf 
ConsoUdated  Gas  Company  of  New  York  durin 
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•ws  that  it  coataiaed  i 
'vy  bjrdiocaitiaB  TS 
iiietliaiie  ; 


CO. 

■>, 

<yw 

ca. 

<H 

H, 

«7-o 

3»* 

i»3 

19-3 

i-o 

6-4  per  cent 

In  Great  Briton,  on  the  other  hand,  owing  to  tfce  fKJatkit 
against  having  a  gas  snpidied  for  domestic  riTiiiiBn<lB>»  OW' 
taining  more  than  16  per  cat.  td  casboo  mooeaaAt  Hilwl  m 
legarded  as  a  reasonably  safe  Imtit),  the  prDpodioa  ctf  ca*t«. 
retted  water  gas  mixed  with  the  "  ctxaj^ "  ccol  p*  cwtl* 
exceeds  one  in  three  by  voknne. 

Manufacture. — ^The  acampanying  dtagntns  (FigL  46  M>l  <^. 
lefxesent  the  well-kncmn  Humphrey*  and  Qnprw  FbM,  «!»% 
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is  now  largely  used  for  manufacturing  carburet 
The  generator.  A,  is  worked  with  a  deep  bed  < 
anthracite),  and  during  the  "  air-blow  "  the  blasi 
that  the  gases  evolved  from  the  generator  cc 
carbon  monoxide  to  make  them  bum  readily, 
the  generator  through  successively  (i)  the  carb 
(2)  the  superheater,  C,  each  of  which  is  filled 
checker  work.  At  the  top  of  B,  and  again  at  tl 
the  gases  meet  secondary  air  streams,  by  means  oi 
burnt,  and  the  heat  developed  raises  the  checker 
and  C  to  red  heat.  The  products  of  combusti 
outwards  into  the  air  through  a  stack  valve,  D,  a 
superheater. 

As  soon  as  the  fuel  bed  in  the  generator  has 
the  necessary  high  temperature  (3  to  4  minutes), 
as  well  as  the  stack  valve,  is  closed,  and  steam  is  t 
bottom  of  the  generator.  This,  on  rising  througl 
cent  fuel,  produces  "  blue  water  gas,"  which  p; 
to  the  top  of  the  carburettor.  Here  a  petroleum  oil 
the  gas,  and  passing  with  the  latter  over  the  hot  c 
the  carburettor  and  superheater,  it  is  successi^ 
and  decomposed  into  permanent  hydrocarbon  gas 
The  resulting  mixture  of  "  blue  water  gas  "  and  "  < 
out  from  the  top  of  the  superheater  and  onwan 
through  (i)  a  water-sealed  oil  heater  and  wai 
scrubber,  F,  where  it  is  water-sprayed,  and  finall 
cooled  tubular  condenser,  G.  It  is  afterwards  j 
usual  manner  from  carbon  dioxide  and  sulphure 
by  means  of  Ume  and  oxide  of  iron. 

The  "  steam  run  "  usually  occupies  between  5  a 
and  the  alternating  "  air  blow  "  between  3  and  4  1 
checker  work  of  the  carburettor  and  superheater 
tained  at  750°  C.  or  thereabouts.  A  small  qua 
tar  (sp.  gr.  i-oo  to  1-05),  consisting  chiefly  of  arom; 
bons,  separates  out  in  the  washer  and  scrubber. 

The  coke  consumption  (including  that  required 
steam)  does  not  exceed  50  lb.  per  1000  cub.  ft.  of  gaj 
the  oil  consumption  varies  with  the  quality  of  the  ■ 

*  This  description  of  the  H.  and  G.  Plant  has  been  ab 
that  given  in  Dr.  H.  G.  Colman's  article  on  the  subject  ii 
iianary  of  Applied  Chemistry,  Vol.  II..  p.  685;  the  auth< 
indebted  to  Messrs.  Humphreys  and  Glasgow  for  their  courl 
him  to  reproduce  Fig.  67. 
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It  is  VHsBjr  ooHflidesed  dnt  vjdk  ^Dod  ■oBageflKst  eadi  gal^^ 
cf  cil  wed  per  xoqd  oAl  it.  «<  gas  v9  i 
pcrawei  «i  7  or  8  rwid^i^  sd  tini  tp  salBe  a  lyoBKut  yuia.  gai 
2  gdkHK  of  food  petndbuB  <fl  per  zoc»  cxh.  IL  vorid  be  reqi^^ 
It  fihoidd  akD  be  safted  lltti  Messn.  Bamfknjs  and  Qasfov 
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CHAPTER  XIX  > 
fuel  economy  in  the  manufacture  of  iron  and  steel 

Introduction 
It  is  proposed  in  this  and  the  next  following  chapter  to  review 
>riefly  the  salient  features  of  the  problem  of  fud  economy  in 
elation  to  the  smelting  of  iron  ores  in  the  blast  furnace  and 
:he  subsequent  conversion  of  the  resulting  pig  iron  into  finished 
rteel  sections. 

In  the  year  1913,  the  total  output  of  pig  iron  in  the  United 
Kingdom  amounted  to  10-48  million  tons,  from  which  the  follow- 
ing quantities  of  steel  were  subsequently  produced  : — 
Tons. 
1.048,772^^^  20  per  cent,  of  the  total. 
551,929/  ^ 

3'8".382U8„ 

^.251.793/ 
7,663.876 

The  amount  of  fuel  consumed  in  the  blast  furnace  per  ton  of 
I»g  iron  produced  would  obviously  depend  upon  the  grade  and 
character  of  the  ore  smelted,  and  therefore  woidd  vary  in  different 
localities.  But  from  recent  information  placed  at  the  author's 
disposal,  the  average  coke  consumptions  per  ton  of  pig  iron 
from  the  different  ores  smelted  were  approximately  as  follows : — 

Coke  per  Ton  of 
Ore.  Kg  Iron. 

Cwts. 

Haematite 21-0 

Cleveland 23-5 

Lincolnshire  .......    32-5 

Other  varieties 28-0 


Bessemer 


Open  Hearth 


{Add 
Basic 
/Add 
\Basic 


Total 


•  Hw  author  desirea  to  express  his  indebtedness 
Hntdunsoo,  as  well  as  to  his  former  pupil,  Mr.  Ernest 
SUDningrove  Iron  Co.  Ltd  ,   for  much  help  and  giiit' 
with  the  nibject  matter  of  this  chaptH:  jt  has  been 
luv«  bad  many  opportunitii^  during  r* 
ttM  mamfold   problema   in   fuel  e^ 
unngciueat  aad  operation  of  a 
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It  would  al^  appear  from  the  aforesaid  inforn 
average  coke  consumption  for  the  whole  Kinf 
amounted  to  about  25  cwt.  of  coke  per  ton  of  pig 
And  if  it  be  further  assumed  that  tiie  corresponc 
coal  probably  would  be  37-5  cwt.,^  it  follows  tha 
used  in  producing  the  10*48  million  tons  of  pig  ii 
1913  would  amount  to  19-65,  or  say  approximate 
tons. 

Again,  from  similar  information  regarding  the 
of  coal  consumed  in  producing  the  6  million  tons 
steel  sections  from  pig  iron,  including  all  the  fu 
furnaces,  soaking  pits,  rolling  mills,  and  the  like,  ii 
that  this  probably  did  not  fall  far  short  of  4] 
Altogether,  taking  into  account  the  1-6  million  t 
products  from  Bessemer  steel,  the  manufacture  oi 
and  the  coke  consiuned  in  iron  foundries,  it  seems 
suppose  that  the  total  consumption  of  coal  in  cc 
the  manufacture  of  iron  and  steel  during  the  ye 
would  amount  to  not  much  less  than  about  30  mi 

With  a  view  to  concentrating  attention  upon  tli 
it  is  proposed  to  leave  out  of  consideration  in  tl 
production  of  special  steels  (such  as  are  employed 
facture  of  guns,  armour  plates,  cutting  tools,  cutl< 
hke  appliances),  and  to  confine  it  to  the  larger  anc 
problem  of  how  fuel  may  be  economised  in  the 
pig  iron  and  ordinary  structural  steel,  which,  of  coi 
by  far  the  greater  part  of  the  total  output. 

The  central  and  ruling  fact  which  confronts  evei 
and  upon  which  the  whole  question  of  fuel  econo 
that  the  natural  laws  governing  the  reduction  of  1 
blast  furnace  are  such  as  make  it  practically  imposi 
within  the  furnace  itself  more  than  about  60  pei 
total  available  energy  of  the  coke  charged  into  it 
from  the  well-known  fact  of  the  reversibihty  at  all 
within  the  furnace  of  the  interactions  between  cj 
and  the  oxides  of  iron  : — 

Fe  A  +  yCO  :::t  yCOj  +  ^Fe. 


*  The  average  yield  of  coke  made  in  all  coke  ovens  in 
amounted  to  13-422  million  tons  from  20*145  niillion  tons 
over  64   per  cent.;   the  above   estimate  is,   however,   hi 
assumption  that  two  tons  of  coke  were  obtained  from  thre« 
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Sir  Lowthian  Bell's  Scientific  Investigations  upon  Coke 
Consumption  in  the  Blast  Furnace 

We  owe  the  demonstration  of  the  above  cardinal  fact  to  the 
researches  of  the  late  Sir  Lowthian  Bell,  who,  following  up  the 
earlier  work  of  Bunsen  and  Playfair  upon  the  actions  of  the  fur- 
nace gases  upon  the  descending  charge  of  ore,  fuel,  and  flux,  so 
elucidated  the  chemistry  of  the  process  in  all  its  sequences  that 
he  may  be  said  to  have  transformed  blast-furnace  practice  from 
an  empiric  art  into  a  truly  scientific  process.  His  treatise  on 
the  Chemical  Phenomena  of  Iron  Smelling,  published  in  1872, 
deservedly  ranks  among  the  world's  metallurgical  classics,  and 
will  long  remain  a  standard  work  of  reference  for  all  who  are 
engaged  in  iron  smelting. 

It  is  perhaps  worth  while  to  recall  the  circumstances  which 
led  Bell  to  publish  his  work,  and  some  of  the  conclusions  which 
he  established  by  it. 

The  startling  results  in  the  direction  of  economising  fuel 
which  had  followed  the  general  adoption  of  Neilson's  invention 
of  hot  blast  in  1828,  followed  by  Bunsen  and  Playfair's  scientific 
investigations  on  the  composition  of  the  furnace  gases  at  various 
levels  in  1845,  led,  about  fifty  years  ago,  to  the  building  of 
furnaces  of  much  greater  heights  and  capacities  than  had  ever 
before  been  thought  practicable.  The  temperature  of  the  ingoing 
blast  was  also  progressively  raised  by  the  gradual  adoption  of 
improved  types  of  coal-fired  stoves.  And  with  each  successive 
increment  in  either  furnace  height  or  blast  temperature  there 
followed  more  economy  in  fuel. 

The  first  six  furnaces  erected  in  1853  for  smelting  Cleveland 
ore  at  Messrs.  Bell.  Bros.,  Clarence  Works,  were  each  48  ft,  in 
height  and  6174  cub.  ft.  in  capacity.  When  put  into  operation 
with  a  moderately  heated  blast,  the  output  reached  per  furnace 
was  almost  130  tons  per  week  with  a  coke  consumption  of  nearly 
34  cwt.  per  ton  of  pig  iron.  On  increasing  the  blast  tempera- 
ture the  output  per  furnace  rose  to  a  maximum  of  220  tons  per 
week,  whilst  the  coke  consumption  fell  to  about  287  cwt.  per 
ton. 

In  1865  two  new  furnaces  were  added,  each  80  ft.  high  and 

15,000  cub.  ft.  capacity.     The  immediate  result  was  an  increase 

in  the  average  weeldy  output  per  furnace  to  310  tons  and  a  drop 
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in  the  coke  consumption  to  23-11  cwL  per  toi 
1874,  four  new  furnaces  were  built,  each  80  ft. 
cub.  ft.  capacity;  the  resulting  average  coke  c 
to  22-4  cwt.  per  ton  of  iron  produced,  whilst  th 
rose  to  between  440  and  470  tons.* 

Whilst  these  developments  were  in  progress,  ' 
gained  ground  that  a  progressive  increase  in  fun 
in  combination  with  gradually  increasing  bias 
must  necessarily  result  in  further  fuel  econom] 
designers  of  two  furnaces  erected  at  Ferryhill,  i 
Durham,  built  them  103  ft.  high  and  33,000  a 
confidently  expecting  to  reduce  the  coke  consum 
considerably  below  what  had  been  achieved  in 
then  80  ft.  furnace.    But  their  expectations  wen 

In  the  same  year  Charles  Cochrane,  a  promi 
blast-furnace  engineer,  in  a  paper  before  the  Societ 
Engineers,  had  gone  so  far  as  to  express  the  opinic 
heat  might  be  conveyed  into  the  furnace  with  the  I 
ton  of  iron  to  be  produced  from  Cleveland  stone 
coke." 

Bell  at  once  realised  that  any  such  notion  ^ 
with  the  results  of  his  own  scientific  investigatia 
had  proved  beyond  all  question  the  reversibiUt; 
of  carbonic  oxide  upon  the  oxides  of  iron.  He  t 
undertook  the  responsibility,  in  a  paper  read  befo 
Steel  Institute  in  1869,  of  refuting  what  he  consic 
error  underlying  Cochrane's  opinion. 

In  his  subsequent  treatise  in  1872  he  gave 
clear  exposition  of  the  laws  governing  blast-fuj 
and  especially  of  the  operation  in  the  furnace  c 
mass  action/*  a  principle  which,  although  origins 
by  Berthollet  in  his  famous  Essai  de  Statique  Ch\ 
had  been  strangely  disregarded  by  chemists  until 
a  modified  form  by  Guldberg  and  Waage  in  1867. 
realised  its  importance,  and  assuming  1000°  C.  t 
beyond  which  it  would  not  be  practicable  to  prel 


*  In  his  Chemical  Phenomena  0}  Iron  Smelting  (1872) 
that  by  increasing  the  dimensions  of  their  furnaces  and  t 
of  the  ingoing  blast,  Cleveland  ironmasters  had  already  e 
equivalent  to  i  million  tons  of  coal  per  annum,  exclusi 
0'75  million  tons  which  had  resulted  from  their  adopting  t 
tice  of  using  the  waste  gases  from  the  furnaces  for  comp 
heating  the  blast. 
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siiixiin.ed  up  his  views  upon  the  whole  question  in  tM^  main 
inclusions,  namely : — 

(i)   that  no  advantage  can  possibly  accrue  from  an  increase 
in  the  height  or  capacity  of  the  furnace  beyond  the 
limits  which  would  permit  of  the  gases  leaving  the  fur- 
nace at  a  temperature  of  about  300^  C,  and 
(2)  that  the  practical  limit  beyond  which  the  reducing  power 
of  the  gases  cannot  be  further  utilised  in  the  furnace  is 
reached  when  at  their  point  of  exit  therefrom,  and  at  a 
temperature  of  300**  C,  they  contain  45  to  50  of  carbon 
dioxide  to  every  100  of  carbon  monoxide  by  volume. 

The  fundamental  importance  of  Bell's  investigations  in  rela- 
tion to  the  central  problem  of  fuel  economy  in  the  blast  furnace 
\s  no^w  universally  acknowledged  throughout  the  industry.    And 
since  his  main  conclusions  are  founded  upon  the  recognition  of 
the  operations  of  certain  immutable  natural  laws  in  the  furnace, 
it  follows  from  (2)  that,  no  matter  how  blast  furnace  practice 
may  in  future  change,  either  in  the  direction  of  increasing  the 
weekly  output,  or  in  respect  of  greater  mechanical  efficiency, 
it  will  never  be  possible  to  utilise  more  than  a  certain  fraction 
(which  judging  from  Bell's  experiments  would  seem  to  be  about 
53 '3  per  cent.)  of  the  total  available  energy  of  the  coke  which 
must  be  charged  into  it. 

With  regard  to  the  practical  consequences  of  his  experiments, 
BeU  was  led  to  believe  that  no  further  increase  in  the  furnace 
dimensions  beyond  certain  limits  (which  from  actual  observa- 
tions he  put  at  80  ft.  in  height  and  about  16,000  cub.  ft.  in 
capacity)  will  be  conducive  to  greater  fuel  economy.    And  he 
expressed  the  opinion  that,  "  taking  the  ordinary  run  of  Durham 
coal  and  Qeveland  ironstone,  the  ironmaster  who  produces  a 
ton  of  No.  3  iron  with  21^  cwt.  (of  coke),  with  the  blast  heated 
to  500®  C,  may  consider  himself  as  working  very  closely  up  to 
these  limits  of  economy  which  are  prescribed  by  the  nature  of 
the  materials  he  is  operating  upon."    And  again,  in  another 
place  he  stated  "  with  some  degree  of  confidence  that  it  is  useless 
to  hope  to  smelt  a  ton  of  grey  iron  from  the  Cleveland  stone 
yielding  41  per  cent,  of  pig  metal  with  anything  notably 
20}  cwt.  of  coke."    And  the  accnmnlated  eiyerience  of  the 
five  years  which  have  elapsed  since  0^       Ttf^lusion  was 
may  be  said  to  have  substantially  CQff  its  validly 
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EL   rfaen.   u  Bdl's  researches  seem   to  show,   the  pntHcaL 
•mtwktn^  Umii  imposed  by  the  proved  reversibility  of  the  inter- 

Fe.0,  +  yCO  =  yCO,  +  «Fe. 

i  -Tacsed.  lafaen  the  gases,  leaving  the  furnace  at  about  300°  C , 
.■main,  ^o  >t  CO,  to  every  loo  of  CO,  it  follows  : —  ' 

r:  -hai  -h«  heu  oi  combustion  of  the  exit  gases  can  ne^-er 
~jt  '.ess  than  about  47  per  cent,  of  that  of  the  cote 
-"11 — *^    in  A 

1.  z^ii.  ••€.  iC4-.a  IS  the  said  limit  is  attaiued,  any  further  fuel 
-:--=r_srr  ji  biast-fumace  practice  must  be  sought  after 
=  -Z£  jertET  iinliaation  of  the  heat  of  combustion  of  the 
-=  ::L3es  mcitAi  the  furnace,  except  in  so  far  as  tl: 
j?^:  z.  -zjt  3if  irgu  slag  or  iron  may  be  so  utilised. 

SegEJ  -=£  -.~i^    m.m-e.  though  primarily  designed  for  the 

"*- — r  z  z'-z  irs^  s.  bv  vimie  of  the  laws  gDvemiiig  its 
f-Br=:3L  i.  3x  xr^zzc^  rt  ccmbostiUe  gas,  which  must  be 
uLiiM^  -r  ~3t  les  atnnr.iag  icr  power  and  heating  purposes 
1  ttt  z=ni^  -^a--  T.-^^tE^  a  the  process  is  to  be  attained. 

A  riTEiLiir  -F  -3=  ?-E3r:34i  CmnacAL  Chakges  occuhhbo 

3    TEE    5l_i£7   FmSACE 

Ii  nmer  lua^  ■ue  -1-  trtii:^^  say  tie  better  understand  the 

dnf:  o:  ii»t  suDr^a-Jsii:  arr^me^z.  r:  is  deniable  at  this  poiat 

>  Thv  lULVcniCTr  imt--  vr  »  3^  as  twjt— a  th^t  tbe  Oeorafi^ 
»^i-.;ip-iun  ratii  l.l'  I  '-■■,  lo:  in-  T=iE:»=i::iri  tr  w^jii  lie  giirr  leave  ti* 
•,~j-.  ;:itJ*  iti  inc'  C  B  K  ni!3.  s<  ;-s  Iiij?si  aj  wiii  be  seen  in  \i,: 
tfx',  u.i-;ter  ic  Amencai.  pra^jsc  »li^»  iiraii»*"»  rxcs  ait  mwlted  ir-.i 
iMf-.  prwuuii  tronL  i^  !!■  j;  Itt  lie  K   n._  ire  itAS£  at  >5o"  to  <fej'  C. 


I U'  'H  ol  the  paaes  al  the  lengjcrBrnre  e  ■wiari  *^*T  •****  tM 
^o'  lo  y>o°  C.'  become*  k>  t^rtmax  Bea^  viajB  tbcy  occtui 
,  VI  of  CO,  per  1  DO  of  CCtiaHiie  Tsa:  C;-:.!!,  =  i^H»rb( 
11  "  tki  remi  pra^ttcai  hmtt  "  Aug  he  iu;  jm  s;fz7aed  ttet  i=T 
)  the  bUn  tanpostme  beyi»cl  >  WMm  ei  "'^'"^  *^  V^ 
:t  the  (oniace  »t  300"  C.  i«r  tiie«oiMjnt  .  ,    7  1  ^  -^r:,-. 

rriiult  in  wiy  fnrflier  ccodoniv  m  c   1  --t"^'S^  s  ;ae 

H  1.  powible  lUt.  ai  the  maih  if  inti  ■  -'  1. 

(i,'l,ial  limiting  ratio  assipKiJ  by  B«  • 

ii  mmi.me  may  be  loinewhat  1dw«^  l 
p,«Ctical  -orkin^  ^J^*!; 


«l  |,y  Mitural  U' 

394 


■.CONOMV    IN   MANUFACTURE  OF  IRON  AND  STEEL 

•  make  a  short  digression  with  the  object  of  explaining  the 
laracter  and  sequence  of  the  piincipal  reactions  occurring  in 
le  blast  furnace.  Limitations  of  space  forbid  any  exhaustive 
eatment  of  the  subject,  nor  indeed  is  any  such  necessary  to 
le  purpose  in  view ;  it  will  suffice  if  a  clear  outline  of  the  main 
henomena  is  given.  And  the  case  of  a  furnace  smelting  cal- 
med Cleveland  ironstone  with  Durham  coke  will  be  taken  as  a 
/pical  example  of  present-day  British  blast-furnace  practice. 

A  modem  blast  furnace  b  shown  in  section  in  Fig,  68,  The 
■e^ht  from  the  bottom  of  the  hearth  to  the  charging  platform 
nay  be  taken  as  approximately  80  ft.,  whilst  the  greatest 
liaxneter  at  the  boshes  averages  about  22  ft.,  and  the  total 
apacity  between  18,000  and  20,000  cub.  ft.  Such  a  furnace 
vill,  with  blast  at  5  to  6  lb.  pressure  preheated  to  725°  C,  pro- 
luce  between  800  and  1000  tons  of  pig  iron  (Fe  =  92-5  per  cent.) 
per  week  from  ironstone  containing,  in  the  raw  state  27-0,  and 
ifter  calcination  prior  to  being  charged  into  the  furnace  37*0, 
per  cent.,  of  met^c  iron. 

(A)  The  Materials  entering  the  Furnace  per  Ton  of  Pig  Iron 
produced  are —  ' 

(1)  About  56  cwt.  of  calcined  Cleveland  ore,  containing  ferric 

oxide  plus  a  matrix  principally  composed  of  silica, 
alumina,  lime,  and  magnesia. 

(2)  15  cwt.  of  limestone,  containing  90  per  cent,  of  CaCO, ; 

(3)  22-5  cwt.  of  coke,  containing  89  per  cent,  of  carbon ; 

{4)  138,700  cub.  ft.  {at  15°  C.  and  760  mm.)  of  air  as  blast, 
which  is  preheated  to  a  temperature  of  (say)  725°  C. 

(B)  The  Principal  Changes  occurring  in  ike  Furnace  may  be 
summarised  as  follows : —  * 

(i)  The  fuel  is  gaafied  by  the  hot  blast  in  the  neighbourhood 
of  the  tujf^s,  producing  a  mixture  of  carbon  monoxide 
and  nitrogen. 

>  The  data  embodied  in  the  calcnlatioas  in  the  following  paragraphs, 
(A)  to  (E)  inclusive,  are  taken  from  a  paper  by  Mr.  T.  C.  Hntchinson,  of 
^^_  ^^__; . .-_     ;_  •!._ /.,„  o^  steel  InHituU,  1908, 

mR  in  the  furnace  are  actnally 
mmaty,  but  for  the  purposes 
■'  to  go  beyond  the  simplest 
cipal  changes  involved. 


1 


*!■■■» 


Fl:.  '.ft  -  Sfr,ii',tiii  Elrv-aDOB  oi  QevKUnd  Blast  Fomue, 

ir io,n-Sfxl',n  ^a  Pnnaosc-t  MtUOirry  of  Iron  mtld  SUil.) 
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(2)  The  ferric  oxide  in  the  ore  is  reduced,  principally  hy 
interaction  with  the  carbon  monoxide  in  the  gases,  as 
the  materials  descend  the  shaft  of  the  furnace,  yielding 
ultimately  spongy  iron  and  carbon  dioxide,  in  accordance 
with  the  reversible  system — 

Fe,0,  +  3CO  —  2Fe  +  3CO,. 

This  reducing  action  begins  in  the  furnace  at  a  tem- 
perature of  300°  C.  and  continues  up  to,  and  probably 
beyond,  800°  C. 
(3)  The  spongy  iron  is  impregnated  with  carbon,  chiefly  as 
the  result  of  the  catal3rtic  decomposition  of  carbon 
monoxide  at  comparatively  low  temperatures  in  the 
furnace  shaft — 

2CO  z=i  C  +  CO.. 

(4)  A  certain  proportion  of  the  silica  and  phosphoric  anhydride 

in  the  charge  is  reduced  by  solid  carbon  at  the  high 
temperatures  prevailing  in  the  lower  regions  of  the  fur- 
nace. No  doubt  also  the  reduction  of  the  oxide  of  iron 
is  completed  in  this  way. 

(5)  The  limestone  (CaCO,)  is  decomposed  into  lime  (CaO)  and 

carbon  dioxide,  principally  at  temperatures  between  800** 
and  900^  in  the  "  upper  middle  "  region  of  the  furnace. 
The  carbon  dioxide  so  Uberated  mixes  with  the 
ascending  furnace  gases,  and  participates  with  them 
in  the  changes  occurring  in  the  upper  regions  of  the 
furnace. 

(6)  The  CaO  resulting  from  (5)  subsequently  fluxes  both  with 

the  matrix  of  the  ore  and  with  the  ash  in  the  fuel,  at  the 
highest  temperatures  prevailing  in  the  lower  regions  of 
the  furnace,  forming  the  slag,  which  is  essentially  an 
alumino-silicate  of  calcium. 

(7)  The  incombustible  solid  constituents  of  the  charge,  after 

undergoing  the  aforesaid  reduction  or  decomposition  in 
the  shaft  of  the  furnace,  are  all  idtimately  brought  into 
a  state  of  fusion  as  they  pass  through  the  zone  of 
highest  temperature  in  the  neighbourhood  of  the  tuyeres, 
and  leave  ti&e  furnace  eitli^iy^  (9)  molten  pig  iron  or 
(ft)  the  slag. 
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(C)  The  Products  leaving  the  Furnace,  per  Ta 
are — 

(i)  20  cwt.  of  molten  pig  iron,  containing  92  { 
and  3-2  per  cent,  of  carbon; 

(2)  35  cwt.  of  molten  slag  (CaO  =  34-3,  MgO  = 

MnO  =  2-1,  Al^O,  =  257,  and  SiO,  =  3c 

(3)  185,700  cub.  ft.  (at  15**  C.  and  760  nmi. 

temperature  of  250**  C.,  containing — 

CO,  =  100,  CO  =  30-0,  H,  =  i-o,  and  N,  = 

Its  net  calorific  value  =  100  B.Th.Us.  ] 
is"*  C.  and  760  nmi. 

(D)  Heat  Account  of  the  Furnace, 

Although  as  high  a  ratio  of  CO  :  CO,  as  3- 
exceeds  the  practical  limit  of  2-0,  as  defined  by 
more  than  forty  years  ago,  it  is  nevertheless  typ 
day  Cleveland  practice,  which  aims  at  larger  wed 
furnace  than  formerly  was  the  rule.  Comparing 
foregoing  conditions,  the  amounts  of  energy  repi 
ingoing  coke  and  hot  blast  with  that  represented  I 
hot  gases  per  ton  of  iron  produced,  we  get — 

(i)  Heat  of  Combustion  of  1-125  *o^s  of  Coke  C( 
taining  89  per  cent,  of  Carbon    . 
Sensible  Heat  in  Hot  Blast  at  725°  C.    . 

Total  ingoing  Energy 


(2)  Heat  of  Combustion  of  185,700  cub.  ft.  of  G 
Sensible  Heat  in  the  Gas  at  250®  C. 

Total  Energy  in  outgoing  Gas 


It  is  thus  seen  that  the  heat  of  combustion  of  th 
counting  its  sensible  heat)  is  equivalent  to  rather  : 
of  the  total  energy  supplied  to  the  furnace  in  th( 
and  hot  blast,  and  to  no  less  than  57  per  cent, 
combustion  of  the  coke. 
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ourly  Production  of  Gas  in  a  Furnace  making  looo  Tons 
;..  ran  per  Week. 

c  nace  making  lOOO  tons  of  pig  iron  per  week  (or,  say, 
^  .per  hour)  under  the  aforesaid  conditions,  would  produce 
^.•-  X  6  =  1,114,200  cub.  ft.  of  gas  at  15**  C.  and  760  mm. 
:  .»ur.     This   on   combustion   would   develop   111,420,000 

•  ^s.,  and  its  sensible  heat  on  leaving  the  furnace  at  250°  C. 

^  amount  to  a  further  8,862,000  B.Th.Us.,  or  a  total  of  as 
as  possible  120,000,000  B.Th.Us.    Neglecting  its  sensible 

and  assuming  that  in  a  gas  engine  the  energy  developed 

i  combustion  could  be  converted  into  mechanical  power 

an   efficiency  of  25  per  cent.,  it  would  be  capable  of 

oping  continuously — 

'";f°f^  =  10,864  B.H.P. 

2564  X  4  '    ^ 

'lien  it  is  realised  that  the  total  output  of  pig  iron  from 

^  ish  furnaces  in  the  year  1913  was  200,000  tons  per  week, 

200  times  the  output  of  such  a  furnace  as  the  above,  the 

-^rmous  fuel  value  of   the    whole   gas  production   will   be 

3reciated. 

(F)  Comparison  of  Foregoing  Calculations  with  the  Heat  Balance 
a  Staffordshire  Furnace. 

Although  the  foregoing  figures  relate  to  a  furnace  smelting 
ilcined  Cleveland  ironstone,  they  lead  to  nearly  the  same  con- 
lusions,  as  regards  the  proportion  which  the  energy  in  the  exit 
.ases  bears  to  that  of  the  coke  charged,  as  does  the  heat  balance 
>f  a  Staffordshire  furnace  smelting  mill  cinder  at  Darlaston 
published  by  Mr.  W.  J.  Forster  in  the  year  1904.^ 

This  furnace  was  72-5  ft.  high  (capacity  16,000  cub.  ft.),  and, 
with  blast  preheated  to  454^  C,  it  consumed  1*46  units  of  coke 
(1-285  units  of  carbon)  per  unit  of  pig  iron  (containing  Fe  =  9078, 
C  =  3-5i  Si  =  325,  P  =  149,  S  =  003,  and  Mn  =  105)  pro- 
duced. The  total  make  of  pig  iron  amounted  to  78*25  tons  per 
day,  or  537*6  tons  per  week.  The  following  figures,  summarised 
Irom  Mr.  Forster's  results,  show  the  percentage  distribu- 
tion during  the  smelting  process  of  the  energy  represented 
by  the  total  heat  of  combustion  of  the  coke  charged  into  the 
furnace. 
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Pi 
Hi 

Heat  used  in  effecting  Chemical  Changes     . 
Heat  in  Molten  Iron  and  Slag  obtained 
Heat    dissipated    by    Radiation,    Water- 
cooling,  etc 

Heat  of  Combustion  of  the  Gases  evolved   . 
Sensible  Heat  in  Gases  evolved 


Utiusation  of  Blast-furnace  Gi 

Although  it  is  recorded  as  long  ago  as  1814 
gases  from  blast  furnaces  had  been  employed  by 
France  for  making  steel  by  the  cementation  proc 
burning  of  bricks,^  it  was  not  until  the  year  183; 
drew  attention  to  the  matter,  that  ironmasters  I 
the  enormous  amount  of  energy  daily  wasted  h 
gases  to  bum  as  they  issued  from  the  furnaces, 
it  needed  the  classical  investigations  of  Bunsen  uj 
gases  at  Verkerhagen  in  1838,  followed  by  those 
Playfair  at  Alfreton  (Derbyshire)  in  1845,  to  a 
interest  in  the  problem  of  applying  them  gei 
practical  purpose. 

Bunsen  and  Playfair,  in  their  Report  to  the  I 
tion  at  Cambridge  in  1845  upon  the  *'  Gases  evol 
Furnaces,"  made  the  following  very  pointed  comi 

"  Hence  it  follows  that  hot-blast  furnaces  fed 
peculiarly  adapted  for  the  economy  of  gaseous  fi 
be  conducted  from  the  furnace  and  applied  withe 
interfering  with  its  operations. 

**  We  have  already  shown,  in  the  very  lowest  ca 
at  least  81*54  per  cent,  of  valuable  fuel  must  es 
mouth  of  the  Alfreton  furnace.    Now,  as  about  i 

^  Vide  Prof.  Thomas  Turner's  book  on  Iron  (Griffin 
(1900),  p.  26. 

'  The  Alfreton  furnace  mvestigated  was  40  ft.  high,  wi 
II  ft.  at  the  boshes,  narrowing  to  3I  ft.  at  the  throat,  a 
was  raw  coal.  Bunsen  and  Pla3rfair  reported  the  volum( 
of  the  exit  gases  to  be  as  foUows  : — 

CO,  =  8-370,  CO  =  26-846,  CH4  =  2-536,  H,  =  I-I26,  ( 
H,S  a  0-045,  NH|  =  0-058,  and  N,  »  60-907  p€ 
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^'iseci  in  that  furnace  every  twenty-four  hours,  it  follows, 

orciing  to  our  experiments,  that  11-4  tons  of  coal  are  lost 

ry  ti^enty-four  hours  by  escaping  in  the  form  of  gases  still 

>al>le  of  being  used  as  excellent  fuel." 

^Huring  the  following  fifteen  years  some  progress  was  made 

the    direction  of  utilising  the  gases,  principally  for  raising 

a,iii  in  boilers,  and  also  to  some  extent  for  heating  the  blast. 

184.5  J-  P-  Budd  of  Ystal)rfera  patented  a  stove,  for  heating 

e  blast,  which  was  fired  by  the  furnace  gases,  and  later  on  he 

ccessfuUy  employed  them  for  firing  boilers.    It  is  also  said 

-a,t  iron  ore  was  calcined  by  means  of  blast-furnace  gases  as 

trly  as  1852  at  Coltness  in  Scotland.    In  1850  G.  Parry  intro- 

aced  at  Ebbw  Vale  the  now  commonly  used  "  cup  and  cone  " 

avice  for  closing  the  throat  of  the  furnace,  so  that  the  gases, 

istead  of  burning  to  waste,  could  be  conducted  away  by  a  wide 

abe  inserted  just  below  the  cone  to  any  point  where  they  may 

»e  conveniently  utilised. 

The  independent  inventions  by  E.  A.  Cowper  and  Thomas 
AThitwell,  during  the  years  1860-5,  of  hot-blast  stoves  fired  by 
:he  furnace  gases  upon  the  regenerative  principle,  were  not  only 
a  great  advance  upon  any  previous  attempts  to  utilise  the  gases, 
but  also  enabled  ironmasters  to  preheat  the  blast  to  much  higher 
temperatures  than  had  formerly  been  possible  in  the  old  pipe 
stoves.  Fig.  69  shows  a  Cowper  Stove  in  vertical  section.  The 
general  adoption  of  these  stoves  immediately  resulted  in  much 
larger  weekly  furnace  outputs,  together  with  a  marked  decrease 
in  the  coke  consumption  in  the  furnace  per  ton  of  iron 
produced. 

Up  to  the  end  of  last  century  no  further  new  departure  was 
made,  and  the  distribution  of  the  furnace  gases  on  a  blast  fur- 
nace plant  during  the  period  1875  to  1900  would  usually  be 
somewhat  as  follows : — 

(i)  40  per  cent,  would  be  used  for  heating  the  blast  in  the 
stoves ; 

(2)  10  per  cent,  would  be  lost  at  the  bell;  leaving 

(3)  50  per  cent,  to  be  used  for  steam-raising  in  Lancashire 

boilers,  fitted  with  special  combustion  chambers,  to  drive 
the  blowing  engines,  furnace  hoists,  etc. 

The  utilisation  of  the  gases  by  such  methods  was  always 
greatly  impeded  by  the  fact  that  tiii|gf  J|||^  HH  furnace  laden  with 
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dost,  some  of  which  was  deposited  both  in  the  boiler  tubes  aoj 
on  the  checker-work  of  the  hot-blast  stoves,  vbea  it  hiiida>(! 


Fig.  69.— Cowper's  Stove  (Vertical  Sectton). 
(From  Phillipi  and  Banennan's  Eltmtnts  of  MtMlurgy.) 

the  heat  transmission.    Moreover,  the  gas-firing  of  Lancashire 
•oilers  is  at  best  inefficient. 
-team-raising  in  Boilers.— It  has  been  estimated  that  witii 
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e  best  type  of  water-tube  boUer  no  more  than  54  per  cent,  of 

e  heat  developed  by  the  combustion  of  the  gas  was  actually 

^  ansmitted  to  the  water,  and  that  the  combined  efficiency  of 

le  boiler  and  steam-blowing  engine  did  not  exceed  6732  per 

snt.     And  according  to  the  author's  own  observations  upon 

xie  utilisation  of  the  gases  under  Lancashire  boilers  fitted  with 

::onoxnisers,   the   efficiency  realised  under  the  best  working 

onditions  (i.  e,  using  softened  water,  and  after  the  boiler  flues 

Lave  been  recently  cleaned)  does  not  exceed  60  per  cent,  of  the 

leat  developed  by  their  combustion. 

Heai  Balances  of  Hot  Blast  Stoves. — ^According  to  an  investiga- 
ion  carried  out  in  1915  by  Mr.  R.  S.  G.  Knight  (then  a  research 
student  in  the  Department  of  Chemical  Technology  at  the 
Imperial  College  of  Science  and  Technology)  upon  the  combus* 
tion  of  the  gas  in  a  modem  Cowper  hot-blast  stove  at  the 
Skinningrove  Ironworks,  the  heat  balance^  when  working  on 
uncleaned  gas  entering  the  combustion  chamber  at  an  average 
temperature  of  240**  C,  was  as  follows  :— 


I>r. 
Sensible  Heat  in  the  Gas  at 

240*  C 7-3 

Heat  of  Combustion  of  the 

Gas 92-7 

Total loo'o 


Cr. 
Heat  transmitted  to  Blast      .    65*9 
Heat   carried   ofE  by   Burnt 

Gases  at  366*  C.      ...    29-1 
Loss  by  Radiation  .  5*0 

Total loo-o 


The  average  composition  of  the  burnt  gases 

COj  =  15-2,  O^  =  74,  and N,  =  77-4.1 


Development  of  the  Large  Gas  Engine  for  Cleaned 

Blast-furnace  Gas 

Up  to  the  end  of  last  century,  and  until  the  development  of 
the  large  gas  engine  for  power  generation  in  steel  works  had 
brought  the  recognition  of  the  enormous  advantages  to  be 
gained  by  concentrating  coke  ovens,  blast  furnaces,  steel  works, 
and  rolling  mills  on  one  and  the  same  site,  there  was  no  great 
incentive  for  ironmasters  to  improve  the  old  methods  for  utilising 
the  waste  gases  from  their  blast  furnaces.    For  without  any  new 

1  Ir<m  and  Steel  Inst.  Carnegie  Scholarship  Memoirs,  VII.  (19x6). 
pp.  83-99- 
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departure  they  could  beat  the  blast,  get  all  the  power  required 
for  driving  the  blowing  engine  and  doing  other  Tnyrhaniral  wxx 
connected  with  a  blast-fumace  plant,  and  stiD  have  a  iiiaigi:i 
of  gas  to  spare,  for  which,  so  Jong  as  the  plant  remained  as 
isolated  smelting  unit,  there  was  hardly  any  ptohtaitle  osc  t^ 
be  found. 

The  advent  of  the  large  gas  engine,  as  an  adjunct  to  the  bii^ 
furnace,  at  the  beginning  of  the  [sesent  ceotory  soddetJy 
transfonned  tbe  whole  aspect  of  the  industry  in  r^ard  to  pofn 
production  and  fuel  economy,  and  it  will  now  be  our  busine^ 
to  trace  the  coarse  of  the  rapid  develoiHnents  which  hai? 
followed  thereon. 

Although  blast-furnace  managers  must  long  have  been  awa/? 
of  tbe  possibilities  of  the  gas  if  it  could  be  used  for  powei 
generation  in  an  internal  combustion  engine,  it  was  not  Dna 
the  year  1895  that  any  serious  attempt  was  made  to  leaii^ 
them  in  i»actice.  Three  a  priori  objections  were  usually  raised, 
which,  taken  together,  were  r^aided  as  serious  enough  to  justify 
a  policy  of  inactivity,  namely — 

(t)  It  was  considered  that  tbe  low  calorific  value  of  the  gas, 
together  with  the  fact  that  its  combustible  part  is 
almost  wholly  made  up  of  tbe  slow-boming  carbon 
monoxide,  would  cause  uncertainty  of  ignition  is  tix 
engine  cylinder. 

(2)  The  fact  that  the  gas  leaves  tbe  furnace  at  250°  C.  highlj 
charged  with  dust,  which  unless  removed  would  be  a 
fruitful  source  of  trouble  in  the  engine,  was  held  to  he 
a  formidable  obstacle  to  its  utilisation.  The  proUem  ot 
effectually  cleaning  and  cooling  such  enormous  volumes 
of  gas  as  would  continuously  be  required  t^  a  large 
power  station  would,  it  was  thought,  involve  such  a 
great  capital  outlay  and  working  expenses  as  would 
largely  counterbalance  the-prospective  benefits  accmiiii 
from  the  greater  economy  of  the  gas  engine  as  com- 
pared with  the  existing  steam-power  installatioos. 

{3)  The  alleged  relative  unreliability  of  the  gas  engine  m 
sufficiently  large  enough  units  for  steel-works  powei 
purposes. 

The  experience  of  the  past  twenty  years  has,  however,  prfVfd 

that  all  such  objections  were  either  entirely  groundless  o*- '  i 

^ore  than  a  temporary  significance.    The  force  oi  ^ 
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appeared  as  soon  as  it  was  recognised  that  the  thermal  efficiency 
of  a  gas-engine  cycle  depends  primarily  upon  the  compression 
of  the  charge  at  the  moment  of  ignition.  Moreover,  it  happens 
that,  owing  partly  to  the  higher  temperature  of  ignition  of 
carbon  monoxide  as  compared  with,  say,  hydrogen,  and  doubt- 
less also  partly  to  its  containing  so  much  carbon  dioxide  and 

I  nitrogen,  an  explosive  mixture  of  blast-furnace  gas  and  air  will 

I  stand  a  high  degree  of  compression  without  danger  of  pra- 
ignition  in  the  engine  cylinder.    Also,  the  slower  burning  nature 

'  of  carbon   monoxide,   as  compared   with  either   hydrogen   or 
methane,  make  it  in  some  respects  an  ideal  gas-engine  fuel. 

To  the  late  Mr.  B.  H.  Thwaite  undoubtedly  belongs  the  credit 
of  first  demonstrating,  in  the  years  1894-5,  the  practicability  of 
generating  power  from  blast-furnace  gas  in  an  internal  com- 
bustion engine.  Having  previously  satisfied  liimself  that  a 
synthetic  gas  similar  in  composition  to  that  obtained  from 
blast  furnaces,  and  containing  as  much  as  12  per  cent,  of  carbon 
dioxide,  could  be  used  with  no  misfires  in  an  engine,  he  patented 
his  idea  in  May  1894  (No.  8670  of  1894). 

Soon  afterwards  (Feb.  1S95),  with  the  help  of  the  late  Mr. 
James  Riley,  he  put  down  a  small  horizontal  15  H,P.  Acme 
4-cycle  engine,  coupled  with  a  direct -current  dynamo,  at  the 
Wishaw  Ironworks,  near  Glasgow,  and  successfully  drove  it  with 
cleaned  gas  from  the  coal-fed  blast  furnaces  of  the  following 
average  composition : — 

I  CO,  =  6-32,  CO  =  26-23,  Ha  =  4-65.  CH4  =  318, 

and  Nj  =  5972  per  cent. 

The  consumption  of  gas  in  two  difTerent  tests  amounted  to  105 
and  138  cub.  ft.  respectively  per  E.H.P.  generated, 

In  1897.  at  Frodingham.  he  successfully  ran  a  similar  engine 
on  gas  from  an  ordinary  coke-fed  blast  furnace  containing — 


CO. 


=  60,  CO  =  27-3,  H,  =  1-5,  and  Nj  =  652  per  cent. 


In  1899  he  put  down  his  first  large  engine  {100  H.P.)  from 
blast-furnace  gas  at  Sheepbridge.^ 

'  The  author  is  indebted  to  Mr.  W.  H.  Booth,  who  witnessed  these 
«aiiy  expeiiments,  for  much  of  this  iofonnation.  The  reader  is  also 
referred  to  (1)  Tht  Iron  and  Coal  Trade  Ittvieiv  of  Nov.  16,  1894,  (i)  a. 
paper  by  Prof.  Watkinsoo  before  the  West  of  Scotland  Iron  and  Steel 
Institute  on  March  15,  1895,  and  the  discussion  thereon,  and  (3)  to  state- 
ments made  during  a  discussion  at  the  Iron  and  Steel  Institute  in  July 

'"  '  .'-....     '"    p-  155).  forful 

s  conuectioD. 
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But  whilst  Thwaite's  idea  met  with  small  encc 
his  own  countrymen,  it  was  eagerly  taken  up  01 
especially  by  lOI.  Bailly  and  Kraft,  under  the  1 
late  M.  Adolphe  Greiner,^  at  the  Seraing  work 
Cockerill  in  Belgium  (Dec.  1895  onwards),  and 
Gennan  engineers  at  the  Hoerder  Works  near  T> 

The  subsequent  rapid  development  of  the  larg 
blast-furnace  gas  was  largely  due  to  M.  Greiner  > 
engineers  associated  with  him.  In  1900  the  S 
exhibited  a  600  nominal  H.P.  single-cylinder 
Paris  Exhibition,  which  on  trial  developed  670 
thermal  efficiency  of  25*2  per  cent.,  whilst  in 
Company  installed  at  their  own  works  a  140c 
two-cylinder  tandem  engine,  which  on  trial  with  b 
developed  1582  B.H.P.  with  the  remarkably  hi, 
29*84  per  cent.* 

The  Cleaning  of  Blast-furnace  ( 

Simultaneously  with  these  developments,  tl 
effectively  cleaning  blast-furnace  gas  on  a  large  1 
purposes  had  to  be  tackled.  The  gas  as  it  leaves 
a  temperature  between  200  and  300°  C,  is  heavil 
dust,  the  coarser  and  heavier  portions  of  which 
in  the  "  dust  catchers  "  inserted  in  the  main  dov 
from  the  furnace,  as  well  as  in  the  flues  leading  tl 
there  remain  on  an  average  about  5  grams  per  < 
finer  dust  which  is  never  so  removed.  Before  t 
used  in  large  engines  it  must  be  cooled  down  to 
and  its  dust  content  reduced  to  something  like  o-oi 
metre. 

One  of  the  most  successful  solutions  of  the  cle 
was  due  to  E.  Theissen  of  Munich,  who  devised 
(Figs.  70  and  71)  in  which  a  drum  is  rotated  at  a 
300  to  400  revolutions  per  minute  within  an  outer  sli 
fixed  casing  of  circular  cross-section.  The  circimi 
drum  is  provided  with  a  nimiber  of  inclined  spii 

^  It  is  pleasing  to  note  that  M.  Greiner  in  his  Presidei 
the  Iron  and  Steel  Institute  in  191 4  paid  a  well-deserve< 
pioneering  work  of  Mr.  B.  H.  Thwaite,  adding  that  his  " 
prevented  him  from  reaping  the  fruits  of  his  investigatioQi 
and  Steel  Inst.,  1914,  I.,  p.  43). 

■  Vide  a  paper  by  Prof.  H.  Hubert,  Journ.  Iron  and  S 
III.,  pp.  16-35. 
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effect  of  wliich  is  to  make  the  gas  take  a  long  spiral  course  through 
the  tapering  annulus  between  the  drum  and  the  outer  casing. 


Fig  71— TbeisMn\SasbeT  (SideEteration.) 

Water  is  forced  tangentially  into  the  apparatus,  and  made  to 
travel  through  the  annulus  m  a  contrary  direction  to  that  of 
the  gas  Theissen  washtB  an  now  made  in  sizes  which  will 
clean  up  to  a  nuUioD  fdH|H|fltfM  per  hour,  and  reduce  the 


COAL  AND  ITS  SCIENTIFIC   US 

dust  content  down  to  the  aforesaid  limits.  The  p 
in  cleaning  the  gas  may  be  taken  as  about  5  pei 
developed  from  it  in  the  engines,  and  the  watei 
is  about  one  litre  per  cubic  metre  of  gas.^  Bui 
wet-cleaning,  involving,  as  it  must  always  do,  i 
expenditure  of  water,  and  the  employment  of  : 
for  the  troublesome  slurry  produced,  cannot  be 
finally  satisfactory.  Also,  except  for  that  portic 
intended  for  the  gas-engines,  the  dissipation  of  the 
in  the  gas  by  water-cleaning  involves  an  unnea 
energy. 

Processes  of  dry-cleaning,  such  for  example  j 
Halberg  system,  in  which  the  gas  is  filtered  thro 
fabric,  have  also  been  successfully  developed  within 
but  many  competent  judges  consider  it  probable  1 
solution  of  the  problem  will  eventually  be  found  in 
static  system,  at  any  rate,  for  all  but  the  finest  pj 
the  whole,  of  the  dust,  and  it  is,  therefore,  in  some  s 
that  future  progress  may  confidently  be  looked  for. 

Regenerative  By-product  Coke  Ovens  as  an 

THE  Blast  Furnace 

Suppose  now  that  the  whole  of  the  coke  put  in 
furnace  referred  to  in  the  preceding  paragraph  is  i 
Durham  Coking  Coal  in  a  battery  of  by-product  c 
regenerative  type  erected  on  a  site  adjacent  to  t 
Then  to  produce  6  tons  of  pig  iron  (».  e.  the  hourly 
furnace  making  1000  tons  per  week),  about  9-6  i 
must  be  carbonised  in  the  ovens,  which  would  yield  5( 
48,000  cub.  ft.  of  surplus  "  debenzolised "  coke-c 
average  net  calorific  value  430  B.Th.Us.  per  cub.  ft. 
bined  hourly  outputs  of  blast-furnace  and  coke- 
resulting  from  the  dual  operation  would  therefore  be 

B.l 

1,114,200  cub.  ft.  of  Blast-furnace  Gas  =  111,4 
48,000    „      „    „  Coke-oven  Gas       =    20,6 


Total  B.Th.Us.        =  i32,o< 

*  For  further  details  of  the  Theissen  Washer  see  a  paper  by  I 
in  the  Journ.  Iron  and  Steel  Inst.,  1906,  III.,  pp.  47  to  50. 
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lis  amount  of  heat  is  equivalent  to  the  heat  of  combustion  of 
>5  tons  of  coke  or  67  per  cent,  of  that  charged  into  the  blast 
msLce  to  make  the  iron.  So  that  if  22-5  cwt.  of  coke  be  charged 
to  the  furnace  per  ton  of  pig  iron  produced,  the  heating  value 
the  combined  blast-furnace  and  surplus  coke-oven  gas  is 
[uivalent  to  15  cwt.  of  the  same  coke. 


The  Organisation  of  a  Modern  Iron  and  Steel  Plant 

WITH  A  View  to  Fuel  Economy 

The  British  iron  and  steel  industry  still  labours  under  a 
isadvantage  compared  with  its  German  rival  on  account  of  its 
ciuch  earlier  development.  We  built  and  organised  most  of 
»ur  blast-furnace  plants  and  rolling  mills  during  the  "  iron  age/' 
n  the  years  preceding  the  epoch-making  inventions  of  Bessemer 
ind  the  Siemens  brothers,  which  ushered  in  the  "  steel  age  " 
Lii  the  early  eighties  of  last  century,  and  before  by-product 
3oking  methods  had  been  developed.  It  then  mattered  little 
whether  or  not  the  smelting  of  iron  was  carried  out  on  the  same 
site  as  the  subsequent  manufacture  of  rails  and  plates,  on  the 
one  hand,  or  that  of  coke  on  the  other. 

The  modem  German  industry  took  its  rise  after  the  inventions 
referred  to,  when  the  great  advantages  of  close  proximity  of 
blast  furnaces,  steel  works,  and  rolling  mills  were  so  manifest 
that  all  subsequent  installations  of  plant  were  expressly  planned 
and  laid  out  so  as  to  secure  them.    Consequently,  whereas 
practically  all  the  great  German  works  erected  during  the  past 
thirty  years  have  from  the  outset  embodied  and  profited  by  these 
advantages,  most  of  the  older  British  plants  have  had  to  be 
gradually  re-modelled,  as  circumstances  permitted,  so  as  to  con- 
form, as  nearly  as  possible,  to  the  new  conditions.    And  as  such 
a  change  will  necessarily  take  time,  there  are  still  many  of  our 
works  that  have  not  either  imdergone  or  completed  the  change. 
In  times  past,  and  before  the  aforesaid  advantages  had  become 
so  obvious  as  they  are  now,  the  blast-furnace  plant  was  frequently 
isolated  both  from  the  steel  works  and  rolling  mills  on  the  one 
hand,  and  from  the  coke  ovens  on  the  other.     Coke  was  always 
manufactured,  as  it  still  is  in  many  places,  at  the  pit-head  in 
beehive  ovens  and  then  railed  to  the  blast  furnaces.    The  pig 
iron  made  in  the  blast  furnace  was  then  sent  (often  cold)  to  the 
steel  works,  where  it  was  converted  into  steel  and  the  latter 
subsequently  rolled  into  girders,  plates,  rails,  etc.,  operations 
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necessitating  a  considerable  additional  expei 
For  this  purpose  raw  coal  was  gasified  in  prodv 
works  and  a  further  quantity  of  it  was  also  bun 
to  provide  steam  power  for  driving  the  rolling  i 

For  every  ton  of  iron  produced  in  the  blast  fi 
of  raw  coal  would  be  coked  in  beehive  ovens 
and  a  further  075  ton,  at  least,  had  to  be  consu 
works  and  in  the  rolling  mills,  involving  in  all 
of  not  less  (and  often  much  more)  than  2*5  tons 
ton  of  finished  steel  sections  produced.  This 
is  represented  diagrammatically  in  Fig.  72. 

The  introduction  of  by-product  coking  metho 
ment  of  the  large  gas  engine  for  blast-furnace  gas, 
for  cleaning  the  latter  on  a  large  scale  for  both  po 
purposes,  and  lastly  the  recent  invention  of  suit 
for  electrically  driving  the  rolling  mills,  have  e 
the  whole  complexion  of  the  case,  and  inaugural 
fuel  economy  in  the  manufacture  of  iron  and  stc 
in  this  country,  are  only  beginning  to  reap  the  fi 

The  advantages  of  concentrating  by-product  a 
furnaces,  steel  works,  and  rolling  mills  on  one 
with  the  utilisation  of  the  combined  siupluses  oi 
cleaned  blast-furnace  gases,  partly  in  large  gas 
dynamos  generating  electrical  energy  for  driv 
mills  and  all  other  machinery  on  the  plant,  and 
displace  producer  gas  as  a  fuel  for  the  steel  fum( 
mills,  became  manifest  during  the  early  years 
century,  largely  as  the  result  of  Continental  e 
in  Germany,  Austria,  and  Belgium). 

It  has  been  the  author's  privilege  during  rece: 
these  new  possibilities  demonstrated  at  the  Ski 
and  Steel  Works,  which  have  been  re-modelled 
after  a  careful  study  of  the  best  British  and  Contii 
under  the  direction  of  Mr.  T.  C.  Hutchinson,  w 
bear  upon  the  task  a  life's  experience  in  the  \ 
economy  in  connection  with  blast-furnace  smelting 

In  1910  Mr.  Hutchinson,  in  his  presidential  { 
Cleveland  Institution  of  Engineers,  predicted,  as 
his  investigations  both  abroad  and  in  his  own  wo: 
a  proper  concentration  and  arrangement  of  the  vj 
the  producing  units,  the  time  would  shortly  con 
stone  would  be  brought  in  at  one  end  of  the  works  am 
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would  be  turned  out  at  the  other,  only  such  coal  be 
required  for  the  coke  ove9is  to  make  sufficient  cd 
ironstone:  and  in  September  1913  he  repeated 
in  the  course  of  a  discussion  at  the  Brussels  Meet 
and  Steel  Institute.  With  his  kind  permissio 
was  able  to  give  supporting  evidence  and  calcul 
a  paper  read  before  the  British  Association  in  i< 
in  hb  Lectures  on  Fuel  Economy  before  the  Rq 
in  1916. 

The  cardinal  feature  of  this  new  development  L 
concentration  of  by-product  coke  ovens,  blast  \ 
works,  and  rolling  mills  on  one  plant,  coupled  wi 
utilisation  of  the  surplus  blast-furnace  and  coke-< 
power  and  heating  purposes.  When  this  conditi 
it  should  be  possible,  under  the  new  arrangemer 
outlined,  to  produce  a  ton  of  finished  steel  section  f: 
ironstone  and  Durham  coke,  with  the  expenditun 
than  1-6  tons  of  coal,  as  sketched  in  Fig.  73. 

CONDmONS   TO    BE    FULFILLED    FOR   THE    REAUSA 

Maximum  of  Economy 

For  the  realisation  of  the  large  economies  ou 
preceding  paragraphs  it  is  either  necessary,  or  d 
certain  conditions  should  be  fulfilled.  Broadly  sp 
may  be  summarised  as  follows  : — 

(i)  By-product  coke  ovens,  blast  furnaces,  stee 
rolling  mills  must  all  be  concentrated  on  « 
suitably  laid  out  thereon  in  relation  to  eacl 

(2)  The  by-product  coke  ovens  must  be  of  the 

type,  so  as  to  yield  the  largest  possible  su 
which  may  be  debenzolised. 

(3)  The  coal  charged  into  the  ovens  should  conti 

than  10  per  cent,  of  ash,  and  7  per  cent. 
The  volatile  matter  in  the  dry  coal  shoul* 
be  between  25  and  28  per  cent. 

(4)  The  quenched  coke  for  the  blast  furnace  should 

more  than  2  per  cent,  of  moisture,  and  the  b 
\  in.)  should  be  removed  and  utilised  in  t 
kilns  or  otherwise. 

(5)  The  blast  furnaces  should  be  fitted  with  dou 

order  to  minimise  loss  of  gas,  and  there  shou 
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distribution  in  the  furnace  of  the  material  (< 
and  coke)  by  means  of  a  suitably  dimensi 

(6)  The  blast  should  be  generated  by  means  oi 

blowing  engine. 

(7)  The  furnaces  should  be  driven  by  blast  at 

(6  lb.  per  square  inch),  using  large  tuytoi 
nozzles),  pre-heated  to  700°  C. 

(8)  The  gases  leaving  the  furnace  should  be 

preferably  by  some  electrostatic  method,  s< 
the  dust  to  about  o*i  gram  per  cubic  metre, 
of  cleaning  is  sufficient  so  far  as  using  the 
or  furnaces  is  concerned.  Such  portion  of 
used  for  generating  power  in  gas  engines  m 
to  below  20**  C,  and  further  cleaned  until  its 
does  not  exceed  0*015  gram  per  cubic  meti 

(9)  The  hot  blast  stoves  should  be  heated  by  drj 

Three  stoves  should  be  used  per  furnace,  t\ 
on  gas  whilst  one  is  on  blast. 

(10)  If  conditions  (6),  (8),  and  (9)  are  fulfilled,  th 

of  the  gas  as  between  blowing  engines, 
available  surplus,  should  be  somewhat  as  : 

(a)  Not  more  than  20  per  cent,  for  the  Blowing 
lb)    „    „  „     30    ,1      „        »     Stoves,* 

(c)  Not  less  than     50  as  surplus  for  the  steel 

(11)  Assuming  a  minimum  surplus  of  50  per  c< 

furnace  gas  available  for  the  steel  works  an 
this,  together  with  the  surplus  gas  from  th 

*  With  regard  to  the  question  of  beUs,  it  has  been  vari< 
that  the  loss  of  gas  at  existing  single  bells  amounts  to 
10  per  cent,  of  the  whole,  and  of  course  it  mainly  occurs  d 
when  the  bell  is  lowered.    The  use  of  double  bells  is  inten 
this.     As  to  the  important  question  of  the  proper  dimei 
bell  relative  to  the  stock  Une,  Mr.  T.  C.  Hutchinson,  in  ; 
before  the  Iron  and  Steel  Institute  (May  1918),  showed  ha 
the  results  of  careful  experiments,  he  had  reduced  the  col 
in  the  Skinningrove  furnaces  per  ton  of  pig  iron  from  23-9 
merely  by  substituting  a  15 J  ft.  diameter  bell  for  one  of  i 
The  Blast   Furnace   Committee  of    the  Iron   and  Steel 
recently  laid  down  the  rule  that  "the  area  of  the  bell  shou 
the  area  of  the  annular  space  between  the  brickwork  and 
the  bell  is  lowered." 

•  This  is  based  on  a  stove  efficiency  of  66  per  cent,  with 
{vide  Knight's  results,  p.  403),  but  if  cleaned  gas  were  use< 
should  be  higher.  If  an  efficiency  of  75  per  cent,  were  realis 
of  gas  required  for  the  stove  would  only  be  25  per  cent. 
Also  it  should  be  possible  to  utilise  some  of  the  waste  heat  i 
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>vould  make  available,  as  a  maximum,  the  following 
heat  units  per  ton  of  pig  iron : — 

B.Th.Ua. 

92,000  cubic  feet  of  blast-furnace  gas  =   9,200,000 

8,000    ,,       „     „  coke-oven  gas       =   3,400,000 


100,000  Total  =  12,600,000 


This  amount  of  heat  would  be  equivalent  to  that  in  8  cwt.  of 
average  bituminous  coal.  But  inasmuch  as  the  efficiencies 
gas  producers  and  boilers  as  used  in  steel  works  can  hardly 
put  higher  than  about  75  per  cent.  (i.  e,  coal  to  gas  or  coal  to 
lam),  and  also  as  steam  engines  are  lessef&cient  than  gas  engines, 
le  coal  equivalent  of  the  surplus  gas  should  really  be  counted 


(12)  There  should  be  separate  supplies  of  surplus  coke-oven 
and  blast-fumace  gases  throughout  the  plant ;  mixing 
of  the  two  supplies  should  be  carried  out  at  the  several 
points  of  consumption  as  required. 

(13)  The  gas  engine  in  the  power  house  should  be  run  on  cleaned 

blast-fumace  gas  only.  , 

(14)  The  gas  used  for  the  steel  furnaces  and  soaking  pits  should 

be  a  mixture  of  blast-fumace  and  coke-oven  gases, 
preferably  in  such  proportion  as  will  yield  a  heating 
gas  of  between  160  and  180  B.TKUs.  per  cubic  foot. 

(15)  The  pitch  from  the  coke  ovens  should  be  utilised  as  fuel 

in  connection  with  the  steel  plant. 

(16)  The  waste  heat  in  the  molten  slag  from  the  blast  furnace 

should  be  utilised. 

(17)  The  waste  beat  from  the  gas-engine  exhausts  and  the 

steel  furnaces  and  soaking  pits  should  be  utilised  for 

steam-raising  purposes. 
(18]  The  rolling  mills  should  preferably  be  electrically,  and 

not  steam,  driven. 
(19)  There  must  be  scientific  management  and  control  from 

beginning  to  end  throughout  the  whole  heating  system, 

for  it  is  essential  that  every  available  heat  unit  on  the 

plant  should  be  tracked  down  and  effectively  utilised 

to  the  best  advantage. 
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The  conclusion  that  it  should  be  possible,  as  M 
predicted,  to  convert  iron  ore  into  finished  steel 
only  such  coal  as  is  required  to  make  the  coke 
furnaces,  was  supported  by  a  very  valuable  pa 
Utilisation  of  Blast-furnace  and  Col^-oven  Gases  h 
read  by  E.  Houbaer  of  the  Cockerill  Company's  wo 
(Belgium)  before  the  Iron  and  Steel  Institute  a1 
Meeting  in  September,  1913.  In  smnmarising  1 
actual  experience  gained  at  the  Cockerill  works  up 
M.  Houbaer  stated  that,  in  the  case  of  a  works 
production  of  1000  tons  of  pig  iron  and  1000  tons  of  c 
the  latter  all  to  be  made  in  regenerative  ovens 
available  surplus  of  blast-furnace  gas,  after  providii 
and  all  the  furnace  services,  would  be  40  per  cent 
output,  it  might  be  expected  that — 

(i)  The  blast-furnace  gase§  would  supply  motive 
to  28,500  horse-power  continuously. 

(2)  The  daily  quantity  of  coke-oven  gas  availabl 

of  the  production  either  of  625  tons  of  i 
hearth  furnaces,  or  the  raising  to  the  prope 
of  1150  tons  of  ingots  or  semi-manufacti 
in  re-heating  furnaces. 

(3)  The  combustion  of  the  pitch  from  the  coke  o'' 

capable  of  producing  150  tons  of  steel  in  ai 
furnace. 

Therefore  he  concluded  that  "  the  tendency  of 
works  producing  coke  and  pig  iron  and  converting  ' 
steel  and  rolling  it  in  their  own  mills,  should  be  1 
fuel  requirements  solely  by  the  coking  coal  requi 
supply  of  their  smelteries."  This  is  obviously  the  i 
a  greater  or  lesser  degree  of  approximation  is  being  : 
ing  to  the  varied  circumstances  which  intervene 
economical  running  of  the  plant. 

It  may  be  taken  for  granted  that  the  more  a 
progressive  sections  of  the  iron  and  steel  produ< 
Britain  have  already  accepted  in  principle  the  vi 
in  this  chapter,  even  if  circumstances  have  not  yc 
of  them  to  translate  them  into  actual  practice.  1 
that,  with  the  results  of  recent  experience  and  re 
them,  those  responsible  either  for  the  putting  up 
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=^rlcs  or  for  the  re-organisation  of  old  ones,  would  insist  on 
ost  of  the  conditions  laid  down  in  the  foregoing  paragraphs 
-i>^ig  as  far  as  possible  fulfilled.  There  would,  it  is  almost 
^rtain,  be  general  agreement  (i)  as  to  the  necessity  of  concen- 
cating  coke  ovens,  blast  furnaces,  steel  works,  and  rolling  mills 
•n  one  site ;  (2)  that  the  coke  ovens  must  be  of  the  regenerative 
yp«  ;  {3)  that  the  present  loss  of  gas  at  the  blast-furnace  tops, 
•vhicli  is  inevitable  so  long  as  single  bells  are  employed,  must  be 
iirniiushed ;  (4)  that  all  surplus  blast-fumace  and  cokenaven  gases 
shall  be  utilised  for  power  and  heating  purposes  in,  or  in  con- 
nection with,  the  steel  works  and  rolling  mills;  and  (5)  that, 
so  far  as  the  blast-fumace  gas  is  concerned,  this  would  be  best 
utilised,  so  far  as  is  possible,  for  power  purposes  in  gas  engines. 
^'hilst  it  may  be  conceded  that  these  five  points  are  of  prime 
and.  dominating  importance,  attention  may  here  be  drawn  to 
tile  possible  economies  which  seem  to  deserve  more  serious 
consideration  than  they  have  hitherto  usually  received : — 

(a)  The  Dry  Cleaning  of  Blast-fumace  Gas  for  Sioves  and 
Heating  Purposes. — When  it  is  realised  how  large  a  proportion 
of  the  blast-fumace  gas  is  at  present  burnt  in  the  hot-blast  stoves, 
and  that  (according  to  Mr.  Knight's  determination)  at  least 
30  per  cent,  of  the  available  heat  in  the  gas  so  used  is  lost  up  the 
chimney,  it  is  at  once  evident  that  there  is  a  considerable  margin 
ioT  further  economy  in  the  present  method  of  heating  the  blast. 
And  probably  the  best  means  of  saving  in  this  direction  would 
be  to  clean  the  gas  as  it  leaves  the  furnace  by  some  electro- 
static method  so  as  not  to  dissipate  its  sensible  heat.  Already 
promising  attempts  have  been  made  to  subject  the  gas  to  a 
preliminary  cleaning  in  this  way,  and  it  does  not  seem  unlikely 
that  the  near  future  may  see  considerable  further  developments. 
And  if  the  dust  in  the  gas,  which,  owing  to  its  potash  content 
ought  on  other  grounds  to  be  removed,  can  be  reduced  to 
01  gram  per  cubic  metre,  without  dissipating  the  sensible  heat, 
economies  in  the  hot-blast  stoves  will  undoubtedly  follow. 

(b)  Tke  Utilisation  of  Waste  Heal  in  Gas  Engine  Exhausts,  and 

Chimney  Gases.— A  careful  investigation  of  the  heat  balance  of 

J  ^luel-works  plant  would  probably  disclose  very  considerable 

in   both  these  directions.     The  sensible  heat  energy  of 

■ihiiiist  gases  of  a  modem  gas  engine  is  probably  equivalent 

wei^n  35  and  40  per  cent,  of  that  developed  by  combustion 

cjlinder,  and  about  two-thirds  of  this  is,  or  should  be, 

rable  by  means  of  a  good  waste  heat  boiler.    Similar 
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considerations  apply  to  a  considerable  part  of  the 
burnt  gases  from  steel  furnaces  and  the  like. 

(c)  The  Utilisation  of  the  Heat  in  the  MoUen  SU 
portion  which  the  heat  carried  off  by  the  molten 
modem  blast  furnace  bears  to  the  total  heat  of  o 
the  coke  charged  into  it  will  obviously  largely  dep 
proportion  of  slag-forming  material  in  the  fumac 
pig  iron  produced,  and  it  increases  with  the  leann< 
smelted.  In  a  furnace  smelting  Cleveland  ironst 
production  may  be  as  much  as  35  cwt.  per  ton  of  pi| 
it  leaves  the  furnace  at  a  temperature  of  1400**  and 
heat  loss  is  considerable. 

Sir  Lowthian  Bell,  in  his  calculations  of  the  heai 
in  the  blast  furnace,  alwa)^  adopted  550  calories  a 
I  gram  of  molten  slag,  a  number  which  was  basec 
metric  determination  by  M.  Vathaire.  The  specific  1: 
furnace  slags  have  been  variously  determined  as 
and  0*33,  and  their  latent  heats  of  fusion  as  betweei 
Taking  the  means  of  these  determinations,  and  assu: 
to  leave  the  furnace  at  1400**  C.  above  the  atmc 
perature,  we  should  get  for  the  heat  in  a  imit  wei| 
slag  (1400  X  0-31)  +  105  =  539,  which  is  not  v 
from  Bell's  figiu-e. 

In  the  case  of  the  Cleveland  furnace  referred  t 
one  unit  of  pig  iron  and  175  units  of  slag  for  every  u 
charged  into  it  as  coke,  the  heat  in  the  molten  sla{ 
(943  cals.)  would  be  11-65  per  cent,  of  the  total  1 
bustion  of  the  carbon  in  the  coke  charged  (8080  cat 
words,  the  recoverable  heat  at  present  lost  in  the 
for  the  said  furnace  is  equivalent  to  that  in  about 
coke  per  ton  of  pig  iron  produced. 

Within  recent  years  attempts  have  been  made  c 
mental  scale  to  utilise  the  heat  by  quenching  the 
with  water  and  using  steam  generated  in  a  low-pres 
Particulars  of  the  performance  of  an  experimental  p 
hnes  at  Sir  B.  Samuelson  and  Co.'s  works  at  Middle* 
published  in  1912.  It  was  stated  that  chemical 
shown  no  trace  of  sulphuric  acid  in  the  water  conder 
steam,  and  that  the  amount  of  sulphuretted  hydrog 
was  not  sufficient  to  damage  the  blades  of  the  tr 
that  the  steam,  though  almost  instantaneously  { 
superheated  about  70**  Fahr.  and  that  the  amount 
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from  a  furnace  producing  1800  tons  of  slag  per  week  could  be 
relied  upon  to  develop  500  K.W.  of  electric  current  per  hour 
with  an  expenditure  of  6  H.P.  per  operating  plant.' 

In  1914  Mr.  Walter  L.  Johnson  published  particulars  of  experi- 
ments made  at  the  Clarence  Works  of  Messrs,  Bell  Bros.,  Ltd., 
Middlesbrough,  on  the  subject.*  The  method  consisted  in  (1) 
quenching  and  granulating  the  molten  slag  in  water,  and  (2) 
using  the  dirty  steam  at  100°  so  generated  to  evaporate  dean 
water  in  a  Kestner  single-effect  climbing- film  evaporator 
(heating  surface  548  sq.  ft.)  under  a  pressure  of  about  9  in.  of 
mercury  (at  which  water  boils  at  90°  to  91°  C).  In  this  way 
91  lbs.  of  clean  water  were  evaporated  from  each  100  lbs.  of  dirty 
steam  generated  by  quenching  the  slag,  and  the  experimental 
results  showed  that  855  lbs.  of  clean  steam  could  be  obtained  per 
ton  of  slag  quenched.  And,  inasmuch  as  a  modem  exhaust 
turbine,  working  with  a  full  load  and  under  a  vacuum  of  28-5  in., 
uses  no  more  than  27  lbs.  of  steam  per  horse-power  under  the 
said  conditions,  the  available  horse-power  would  be  31-6  per  hour 
per  ton  of  slag.  On  this  basis,  the  power  which  could  be  generated 
by  a  Cleveland  furnace  making,  say,  6  tons  of  iron  and  lo-o  tons 
of  slag  per  hour  would  be  316  H.P. 

Mr.  Johnson  stated  that,  as  the  mean  result  of  seven  experi- 
ments, he  obtained  1017  lbs.  of  dirty  steam  {at  100°  C.)  per  ton 
of  slag  quenched.  Assuming  that  the  water  was  fed  into  the 
quenching  apparatus  at  15°  C,  these  figures  enable  the  following 
approximate  estimate  to  be  made  of  the  proportion  which  the 
heat  of  the  molten  slag  recoverable  by  such  a  method  of  quench- 
ing would  bear  to  the  total  heat  of  combustion  of  the  coke  in 
respect  of  a  furnace  producing  175  tons  of  slag  and  using  1-125 
units  of  coke  (say,  i  unit  of  carbon)  per  unit  of  pig  produced. 

Heat  of  Combustion  of  r  unit  of  Carbon  =  8080  cals. 
1017  X  1-75  _ 


1'75  Units  of  Slag  would  evaporate 


2240 


80  unit  of 
water. 


Heat  recovered  by  quenching  =  620  x  o-8  =  496  cals. 

Tlierefore,  the  heat  in  the  molten  slag,  recoverable  by  the 
quenching  method  in  question,  would  be  614  per  cent,  of  total 
heat  of  combustion  of  the  cnkc  to  carbon  dioxide,  and,  allowing 
for  the  subsequent  generation  of  clean  steam  in  the  Kestner 
evaporator  employed,  the  heat  finally  recovered  was  as  nearly 

•  Joum.  Iron  and  SUtl  Insl.,  xgiJ.  I.,  p.  510;  also  Iron  and  C04t 
Tradfs  RaiietB.  84.  p.  607. 

*  Joum.  Iron  and  Sled  Insl.,  1914,  11,  p.  98. 
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as  possible  equal  to  5  per  cent,  of  the  total  heat  oi 
of  the  coke  charged  into  the  furnace,  or  say  abo 
coke  per  ton  of  iron  produced. 


Some  General  Considerations 

In  discussing  the  oi^ganisation  of  an  iron  and  sta 
a  view  to  fuel  economy,  it  is  important  to  take  accoi 
conditions  which  have  not  yet  been  considered. 

In  the  first  place,  by  no  means  all  the  iron  pn> 
blast  furnaces  in  the  kingdom  is  converted  into  stec 
year  1913,  10-46  miUion  tons  of  iron  but  only  7-66 
of  steel  were  produced),  and  therefore  the  total  t 
of  the  blast-furnace  and  coke-oven  gases  product 
steel  would  on  the  average  be  greater  than  the  for< 
indicate,  except  in  the  case  of  such  plants  whe 
output  of  the  blast  furnace  is  converted  into  steel. 

Secondly,  whereas  the  blast  furnaces  and  coke 
continuously  day  and  night  throughout  the  whole  5 
furnaces  are  shut  down  from  20  to  30  hours  ea 
and  the  rolling  mills  often  work  only  one  shift  per  ( 
there  is  always  a  large  surplus  of  gas  at  the  weel 
without  special  and  costly  storage  arrangement* 
utihsed  in  the  plant ;  also  when  the  rolling  mill  is 
the  amount  of  gas  required  for  power  purposes  is 
reduced.  In  other  words,  the  problem  which  c 
iron-master  is  compUcated  by  the  fact  that  whei 
duction  of  gas,  both  at  the  coke  oven  and  in  the  1 
goes  on  fairly  uniformly  day  and  night  throughout 
demands  for  it  are  constantly  fluctuating. 

To  provide  storage  capacity  for  the  millions  of 
surplus  gases  which  are  produced  on  the  plant  ea 
when  the  steel  furnaces  and  rolling  mills  are  using  1 
would  probably  involve  far  too  great  a  capital  out! 
M.  Houbaer  (loc.  cit.)  reported  that  the  Cockerill  G 
in  1913  erecting  a  50,000  cubic  metre  (say,  1,650, 
holder  to  store  coke-oven  gas  made  during  the  weel 
works. 

The  solution  of  the  problem  would  be  extraordin 
were  each  plant  to  be  treated  as  an  isolated  unit. 
however,  it  usually  happens  that  a  large  number  of 
concentrated  in  a  particular  smelting  area,  as  in  t 
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>istrict,   and  by  linking  them  all  up,  through  the  medium  of 

(.  Ihiblic  Electric  Power  Company,  much  can  be  done  towards 

:qiialising  the  load  throughout  the  whole  area  dining  six  days 

>i  the  week.    Indeed,  without  some  such  linking  up,  it  would 

oe  almost  impossible,  even  with  the  most  perfect  organisation 

atiid  the  most  efficient  producing  imits  at  each  isolated  works,  to 

achieve  the  full  benefits  of  the  policy  outlined  in  this  chapter. 

Hence  the  need  of  some  effective  co-operation,  so  far  as  power 

services  are  concerned,  between  all  the  producing  plants  within 

a.  given  area.    This  would,  however,  hardly  solve  the  week-end 

problem,  because  all  the  steel  works  and  rolling  mills  throughout 

the  area  are  then  requiring  but  a  minimum  of  power,  as  also 

usually  are  all  the  other  industrial  establishments  in  the  area. 
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CHAPTER  XX 

ECONOMY  OF  FUEL  ATTAINABLE  IN  THE  BLAST  FURN 

USE  OF  DRY  BLAST 

The  present  review  would  be  incomplete  without 
ence  to  the  fuel  economies  associated  with  the  use 
in  the  blast  furnace. 

As  long  ago  as  1853  Prideaux  suggested  in  his  b< 
Economy  that  the  desiccation  of  the  blast  woul 
result  in  the  saving  of  coke  in  iron  smelting ;  and  the  t 
Devonshire,  in  his  Presidential  Address  at  the  Inaugi 
of  the  Iron  and  Steel  In^tute  in  1869,  mentioned  1 
great  variations  in  the  moisture  contained  in  the  air 
at  different  seasons  of  the  year  as  being  one  of  th< 
furnace  problems  which  at  that  time  remained  unso 

In  his  Chemical  Phenomena  of  Iron  Smelting  (187s 
Bell  referred  to  the  water  vapour  introduced  in  th< 
disturbing   agent   in   the   furnace,    because   of   its 
quantity.    He  said  that  it  lowered  the  temperature 
of  combustion,  but  whether  this  decomposition  of 
real  heat  loss  over  the  entire  process  depends  on  it 
which  hydrogen  reduces  the  oxides  of  iron  higher 
furnace.     But  notwithstanding  this,  "  there  is  alwa] 
derangement  in   the  working  of  the  smelting  proc 
admission  of  water,   due  to,   the  fact    that   heat   i 
where  it  is  most  wanted,  and  evolved  where  its  pi 
questionable  benefit." 

In  November  1890,  W.  H.  Fryer  read  a  paper 
Cleveland  Institution  of  Engineers  on  "  The  Desicca 
Blast  in  the  Manufacture  of  Pig  Iron,"  as  a  means 
creasing  the  output  and  making  the  furnace  condi 
uniform. 

When  it  is  realised  that  a  Cleveland  furnace,  wor 
conditions  such  as  have  been  described  in  the  forego 
consumes  nearly  140,000  cub.  ft.  at  15**  C.  and  76 
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eaxly  9*65  cwt.)  of  air  per  ton  of  iron  produced,  and  that  the 
mount  of  moisture  in  the  air  varies  enormously  according  to 
lie  state  of  the  weather  and  the  season  of  the  year,  it  is  quite 
lear,  that  whatever  else  may  be  done  to  secure  uniformity  of 
■vorking  conditions  in  the  furnace,  so  long  as  there  is  no  means 
^f  controlling  the  hygroscopic  condition  of  the  blast,  the  whole 
smelting  process  will  remain  dependent  upon  the  caprice  of  the 
atmosphere. 

The  problem  of  desiccating  such  huge  volumes  of  air  as  are 
needed  to  work  a  modem  blast-furnace  plant  appeared  to  be 
almost  outside  practical  politics  until  Mr.  James  Gayley  of 
New  York,  in  two  papers  before  the  Iron  and  Steel  Institute  in 
1904-5,^  brought  forward  some  remarkable,  not  to  say  aston- 
ishing, figures  as  to  the  fuel  economies  which  had  resulted  from 
the  experimental  adoption  of  dry  blast  at  the  works  of  the 
Carnegie  Steel  Co.  at  Etna,  Pittsburg. 

The  nature  of  these  results  will  be  sufficiently  indicated  by  a 
description  of  the  first  experimental  run  with  dry  blast  on  the 
Isabella  Furnace  at  the  above  works  in  September  1904,  con- 
firmed as  these  were  by  more  thorough  and  extensive  trials 
in  the  foUowing  year. 

The  furnace  in  question  (height  =  90  ft.,  diameter  at  boshes  = 

21  ft.,  capacity  =  18,090  cub.  ft.)  smelted  a  mixture  of  Mesabi 

and  Michigan  haematite  ores,  containing  53*5  per  cent,  of  iron, 

with  coke  containing  between  10*5  and  12*5  per  cent,  of  ash. 

In  accordance  with  the  usual  American  practice  of  hard  driving 

and  big  outputs,  it  was  blown  through  twelve  6-in.  tuyferes, 

with  blast  at  12  to  15  lbs.  per  sq.  in.  pressure,  preheated  to 

850°  Fahr.,  and  it  produced  a  basic  iron  with  as  low  a  percentage 

of  silica  as  possible  consistent  with  the  essential  low  sulphur 

content. 

The  experiment  in  question  extended  altogether  over  a  period 
of  forty  da5^,  divisible  into  three,  namely : — 

(a)  1st  to  4th  August  1904. — ^Furnace  blown  with  normal  {%,  e. 
undiied)  blast,  with  a  burden  proportioned  as  follows : — 

Coke  =  lo-o.  Ore  =  20-0,  Limestone  =  5-0. 

During  this  period  the  moisture  content  of  the  blast  varied 
between  3  and  8  (mean  =  5-56)  grains  per  cub.  ft.,  and  with  an 
average  blast  temperature  of  about  720°  Fahr.,  the  average 
daily  output  of  pig  iron  was  358  tons,  with  a  coke  consumption 
of  2147  lbs.  per  ton. 

^  Joum,  Iron  and  Steel  Inst.,  1904,  II,  274.  and  1905, 1,  256. 
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The  waste  gases  leaving  the  furnace  at  53.! '  FaL-  cr.^uijr:- 

CO,  =  13-0,  ajid  CO  =  22  i  per  ceci 
(ft)  12/*  to  25th  August. — An  intermetiUre  per:.>i  i_--_^ 
which  dry  blast  was  gradually  introduced  oeuJ  by  ij-j  .\v^;^ 
dry  blast  was  being  used  entirely.  The  first  noticsitk  t:-;; 
of  gradually  drying  the  blast  was  a  bri^hterinj  in  rk  v.:f  ; 
combustion  in  front  of  the  tuyeres  of  the  furnace  and  aa  mrTir 
ing  temperature  of  the  slag.  This  was  followed  by  ihe  i^r^ . 
gradually  taking  a  proportionately  heavier  burden  of  m  irj 
limestone,  and  giving  a  larger  output  of  iron  Ihm  tie  <^- 
consumption  of  coke,  until  these  favourable  reiulti  res )-: 
their  consummation  during  the  subsequent  run  wiih  "  aB  i-, " 
Mast. 

(c)  35/A  August  to  glh  September, — Furnace  blown  wiii  tli;: 
dried  by  refrigeration  until  it  contained  very  uniformly  beinciD 
1-33  and  185  (average  175)  grains  of  moisture  per  cub.  fi.  Tb 
burden  was  proportioned  as  follows : — 

Coke  =  10-2,  Ore  =  24-0,  Limestone  =  60. 
It  was  found  that  the  speed  of  the  blowing  engines,  which  M'.-'. 
appl>ing  dried  blast  were  running  at  114  revoiufions  andsupjly- 
ing  40,000  cub.  It.  of  the  air  per  minute,  could  be  reduced  to 
qO  revolutions  per  minute,  owing  to  their  working  on  a  icin- 
gorated  blast;  also  that  the  blast  temperature  on  tearing  (ft 

TABLE    LXXIV 
RssiLrs  or  Mr.  Gavlbt's  Etpbrimrnt  wrm  the  Isabeua  Fpw.cr, 


Period. 

.Vonwi    Dnrf 
Bbst.    1  Blasl. 

\\-rrifK  Jl.iisture  in  Blast.    Grains  per  cubic  foot . 

5-0     1  17}  , 

Airr«f  PaiIv  Oatpui  o1  Iron  in  ton*     .      .      . 

I    3i»    (w 

t—'itT  i'.i*c  0-»jum(.'j„u      !•■=    prt  luD  .1!  Iron   - 

'    m?     Jr**  . 
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regenerative  stoves  rose  to  870°  Fahr.  But  the  most  remarkable 
result  of  the  trial  was  that,  whilst  the  average  daily  output 
increased  to  447  tons,  the  average  coke  consumption  fell  to 
1726  lbs.  per  ton.    The  gases  leaving  the  furnace  at  376**,  or  at 

162°  lower  than  in  (a)  contained — 

COj  =  i6-o  and  CO  =  19-9  per  cent. 

Summarising  the  whole  experiment  (vide  Table  LXXIV,  p.  424), 
we  find  that  desiccation  of  the  blast  had  increased  the  daily 
output  by  about  one-third,  and  at  the  same  time  had  reduced 
the  coke  consumption  per  ton  by  about  one-fifth,  a  truly 
remarkable  result. 

Astonishing  as  these  results  were,  they  were  substantially 
confirmed  by  those  of  a  further  extended  series  of  trials  at  the 
same  works  during  the  following  winter  (October  to  March),  in 
which  two  furnaces,  Nos.  i  and  3  respectively,  were  alternately 
worked  on  "normal"  and  "dried"  blast;  thus  (to  select  two 
months,  November  and  February,  as  a  typical  example) : — 

TABLE  LXXV 


Month. 

Furnace. 

Average 
DaUy 

Output. 
Tons. 

Average 
Coke  Con- 
sumption, 
lbs.  per 
ton  Iron. 

Average 
Blast 

Temper- 
ature. 

November 

1904 
February 

1905 

/No.  I  (Dry  Blast) 
\No.  3  (Normal  Blast) 
/No.  I  (Normal  Blast) 
\No.  3  (Dry  Blast) 

447 
386 

424 
412 

1816 
2279 
2248 
1815 

854:\ 

784V 

In  1909  were  published  the  following  results  of  the  adoption 

of  dry  blast  at  Messrs.  Guest,  Keen,  and  Nettlefold's  Dowlais 

Works,  near  Cardiff : — 

Weekly  Output    Coke  Consumption, 
of  Iron.  lbs.  per  ton  of 

Tons.  Iro 


Average  of  50  Weeks  of  Normal^l 
Blast  J 

Average  of  5  Weeks  on  Dry  Blast  "i 
operated  for  Increase  in  Output/ 

Average  of  4  Weeks  on  Dry  Blast^ 
operated  for  Economy  in  Fuel  / 
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2001 


2530 
2286 


iron. 


2278 
1972 

1857 
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Although  the  claim  that  the  use  of  dry  blast 
increased  output  and  a  saving  of  coke  in  the  fu 
generally  admitted,  opinion  has  been  much  divid 
(a)  the  causes  of  these  improvements,  and  (b)  the  < 
which  would  justify  the  adoption  of  dry  blast,  ha\ 
the  capital  involved  in  installing  the  necessary  desi* 

With  regard  to  the  causes  of  the  considerable 
effected,  although  no  complete  explanation  has  ye 
the  following  may  be  assigned  as  either  probabl 
contributory  factors,  namely : — 

(i)  That  any  marked  diminution  of  water  in  the 
must  of  necessity  increase  the  temperature  of  the 
bustion  in  the  region  of  the  tuyeres,  and  thus  ad 
way  as  an  increase  in  the  blast  temperature.  An< 
be  pointed  out  that  the  hot-blast  temperature  in  Ga 
ments  were  not  very  high  (720**  to  870°  Fahr.  or, 
465**  C),  a  circumstance  which  would  be  likely  1 
the  effect  of  this  cause.  In  order  to  imderstand  tl 
of  this  cause  upon  coke  consumption,  it  must  be 
that  when  steam  reacts  endothermically  with  incand 
at  high  temperatures  producing  carbon  monoxide  a 
in  accordance  with  the  equation — 

(a)      C  +  OHj  =  CO  +  H2 -  29  I 

exactly  as  much  heat  is  absorbed  as  is  generated  by 
of  the  same  amount  of  carbon  to  the  monoxide,  t! 

(6)       C  +  0  =  CO +29  I 

Consequently,  when  the  steam  and  oxygen  in  th 
with  the  incandescent  carbon  in  front  of  the  tuye 
every  participating  molecule  of  steam,  two  atoms  < 
gasified  without  producing  on  the  balance  any  evoli 
thus — 

(c)     4C  +  2OH2  +  02  =  4CO  +  2H2 


whereas,  without  the  presence  of  water,  the  sam 
carbon  would  on  burning  to  the  monoxide  evolve  58 

(d)    4C  +  20a  =  4CO 2  X  29  =  58 

And,  inasmuch  as  the  reducing  actions  of  either  cart 
or  hydrogen  upon  the  materials  in  the  charge  ( 
actually  into  play  until  temperatures  below,  say,  : 
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L  rea^ched,  it  follows  that,  so  far  as  the  hottest  regions  of  the 
Kia^  where  the  materials  undergo  fusion  are  concerned,  the 
»erice  of  a  weight  unit  of  water  in  the  blast  nullifies,  so  to 
a.lc,  tlie  heat-producing  power  of  1-33  weight  units  of  carbon. 
Lppl3dng  this  reasoning  to  Gayley's  experiment  of  August 
1  September  1904  with  the  Isabella  furnace,  where  the  differ- 
:e  l>etween  the  "  normal  "  and  "  dry  "  blast  conditions  meant, 
tlie  average,  the  elimination  of  69  lbs.  of  moisture  per  ton  of 
n  produced,  it  might  possibly  account  for  an  average  saving 
92  lbs,  of  carbon  (=  say,  104  lbs.  coke),  but  no  more,  per  ton 
iron  produced.  The  actual  saving,  however,  was  as  much  as 
51  lbs.,  or  more  than  4-5  times  that  amount.  Clearly,  then, 
hilst  the  endothermic  interaction  of  steam  and  carbon  in  front 
i  tbe  tuyeres  must  be  a  contributory  cause,  it  is  by  no  means 
tie  only,  or  even  the  main,  one. 

(2)  Another  probable  cause  is  that  the  higher  temperature  at 
vhich  the  mixture  of  carbon  monoxide  and  nitrogen  generated 
it  the  tuyeres  would  leave  the  zone  of  fusion,  when  most  of  the 
Abater  was  eliminated  from  the  blast,  would  almost  certainly 
aiccelerate  its  reducing  action  in  passing  upwards  through  the 
middle  region  of  the  furnace.    Moreover,  the  amount  of  water 
reformed  by  the  catalytic  oxidation  of  hydrogen  higher  up  in 
the  furnace  would  presumably  be  some  function  of  the  propor- 
tion of  hydrogen  in  the  gases  leaving  the  zone  of  combustion. 
And  0.  Boudouard  has  found  that  the  reduction  of  oxides  of 
iron  by  carbon  monoxide  was  stronger  when  dry  than  when 
moist,  and  that  this  difference  was  most  marked  at  about  400  to 
500**  C,  gradually  diminishing  as  the  temperature  rises,  until 
at  1050®  C.  it  disappeared  altogether.^    Such  considerations  as 
these  would  indicate  that  any  considerable  elimination  of  mois- 
ture from  the  blast  would  be  very  likely  to  accelerate  the  reducing 
action  of  the  furnace  gases  upon  the  oxides  of  iron  in  the  middle 
and  upper  regions  of  the  furnace,  and  thus  utilise  more  of  their 
potential  energy.    And  the  fact  that  in  Gayley's  experiment 
the  ratio  CO/COg  in  the  exit  gases  fell  from  17  to  1-25  when  the 
average  moisture  in  the  ingoing  blast  was  reduced,  from  5*56  to 
175  grams  per  cubic  foot,  may  be  cited  in  support  of  the  view. 
(3)  Many  competent   judges  among  blast-furnace  managers 
1:    "  expressed  the  opinion  that  the  main  cause  of  the  economy 
\  from  dry  blast  is  mainly  to  be  found  in  the  greater 
ity  in  the  working  conditions  thereby  established,  and 

^  Comptes  rendus,  140,  p.  40. 
427 


COAL  AND  ITS  SCIENTIFIC   US 

doubtless  this  is  an  important  contributory,  thou| 
the  only,  factor. 

Mr.  Gayley  himself  put  forward  the  view  that  ' 
the  air  not  only  removes  an  unfavourable  and  vj 
from  the  blast,  but  by  keeping  the  content  of  mois 
air  practically  uniform,  through  refrigeration  to  a 
perature,  permits  the  deUvery  into  the  furnace  o 
constant  weight  of  air,  and  therefore  of  oxygen — 
cannot  be  obtained  through  an  increase  in  bias 
The  elimination  of  moisture  removes  a  heat-extn 
at  the  tuyeres,  and,  together  with  the  uniform  wei 
constantly  suppUed,  intensifies  the  combustion, 
the  fusion  zone.  With  natural  air  the  fusion  zone 
fluctuating;  when  the  zone  is  lowered,  incipient 
on  the  area  through  which  it  is  lowered ;  and  wb 
again  raised,  these  scaffolds  are  melted  loose,  an 
into  the  hearth,  absorb  heat.  For  this  purpose  al 
of  safety  in  fuel  must  be  carried  in  the  burden."  ^ 

In  considering  the  other  important  question  o 
stances  that  would  justify  the  adoption  of  the  Gi 
it  must  be  remembered  that  in  America,  where  it  has 
ful,  furnaces  are  as  a  rule  driven  very  much  harder 
Britain.     It  is  not  unusual  for  an  American  fun 
with  high-pressure  blast  on  haematite  ores,  contai 
50  and  60  per  cent,  of  iron,  to  produce  3000  ton 
week,  whereas  British  furnaces,  working  mainly  on 
ores,  are  rarely  driven  harder  than  is  necessary 
output  of  1000  tons  per  week.     And  it  by  no  n 
that  what  is  both  technically  and  commercially 
feasible,  in  the  one  case  will  be  equally  beneficial 
Each  case  must  be  decided  after  due  consideratioi 
ticular  local  climatic  conditions,  of  the  character  oi 
ores  smelted,  and  of  the  product  aimed  at,  as  w 
speed  at  which  the  furnace  is  to  be  operated. 

Thus  Dr.  Josef  von  Ehrenwerth  of  Leoben,  afl 
study  of  the  problem  from  the  point  of  view  of  St)^: 
has  concluded,  in  a  paper  read  before  the  Iron  ai 
stitute  in  1913,*  that  '*  whereas  the  economical  resi 
the  blast  in  some  instances  is  very  remarkable,  it 
siderably,  and  the  question  of  introducing  dry  bh 

*  Joum.  Iron  and  Steel  Inst.,  1906,  IV.,  p.  818. 

•  Ibid.,  1913,  p.  118. 
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"Med  in  each  case  on  its  own  merit.    The  advantages  are 

C^endent  in  every  case  on  local  conditions,  such  as  the  dampness 

■the  atmosphere,  and  the  cost  and  quality  of  the  fuel.    They 

^  influenced  besides  by  the  kind  of  product,  the  quantity  of 

»^^put,  the  reduction  period,  and  the  type  of  furnace."    But, 

»^iiining  that  the  average  amount  of  moisture  normally  present 

■l     the  atmosphere  is  high  enough,  he  considered  that  the  use  of 

blast  would  unquestionably  be  advantageous  in  the  following 


(a)  Where  the  furnaces  are  working  with  high  blast  tempera- 
tures, and  correspondingly  high  waste-gas  temperatures, 
as  in  smelting  ferro-manganese,  ferro-silicon,  or  ferro- 
chromium ; 

(6)  also,  where  the  furnaces,  working  under  conditions  similar 
to  (a),  produce  Bessemer,  foundry,  or  high  silicon  pig 
iron;  and 

(c)  generally  in  localities,  such  as  near  the  sea  coast  in  climates 
where  the  atmosphere  is  normally  very  moist. 

In  the  discussion  which  followed  Ehrenwerth's  paper  it  was 
made  clear  that,  so  far  as  British  conditions  are  concerned,  the 
cost  of  putting  down  a  suitable  desiccating  plant  would  in 
most  cases  probably  outweigh  any  prospective  saving  in  fuel. 
Mr.  T.  C.  Hutchinson,  who  had  gone  carefully  into  the  question 
as  regards  the  conditions  prevailing  in  the  Cleveland  District, 
had  arrived  at  the  conclusion  that  it  would  not  be  '*  economically 
wise  "  to  instal  the  Gayley  system  there,  and,  generally  speaking, 
he  doubted  whether  it  would  be  so  in  Great  Britain  as  a  whole. 
But,  apart  from  the  important  question  of  capital  outlay, 
there  is  one  paramount  consideration  which,  in  the  author's 
opinion,  ought  not  to  be  overlooked.    If  in  a  modern  steel- 
producing  plant  comprising  coke  ovens,  blast  furnaces,  ste^l 
furnaces,  and  rolling  mills,  the  objective  to  be  aimed  at,  in  the 
interests  of  an  all-round  fuel  economy,  is  such  a  utilisation  of 
the  combined  surpluses  of  coke-oven  and  blast-furnace  gases  as 
will  do  away  with  the  necessity  of  gasif3dng  coal  in  producers, 
or  burning  it  under  boilers,  and  to  use  no  more  fuel  than  is 
^1 ^^  jjj^Q  |.jjg  ^Qjjg  ovens  to  make  the  coke  required  for  the 

'  "nace,  it  is  obvious  that  there  must  be  a  certain  mini- 

A  Uty  of  blast-furnace  gas  which  is  compatible  with  the 

fl^  it  of  such  an  ideal. 
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CHAPTER  XXI 

POWER  PRODUCTION  FROM  COAL 

s  subject  of  power  production  from  coal  is  so  many-sided 

.    my  brief  review  of  it  in  these  pages  is  bound  to  be  inadequate. 

seeing  that  the  omission  of  any  reference  to  it  might  be 

dered  as  detracting  from  the  complete  exposition  of  the 

itific  uses  of  coal,  an  endeavour  will  be  made  in  this  chapter 

.ve  in  outline  the  more  saUent  aspects  of  the  problem,  without  J 

rence  to  its  technical  details. 

t  has  already  been  explained  in  a  former  chapter  that  were 
possible   to   transform   the   available   energy  of  coal  into 
clianical  power,  without  loss  of  any  kind,  a  horse-power  hour 
•uld  be  obtained  by  the  expenditure  of  about  one-fifth  of  a 
»und  of  coal  of  average  quality.    Needless  to  say  the  attainment 
anything  like  such  perfection  is  altogether  precluded,  alike 
y  the  natiire  of  the  materials  available  for  the  construction  of 
tie  various  machines  which  must  be  used  as  prime  movers,  and 
Jso  by  the  natiiral  conditions  under  which  they  must  be  operated. 
There  are  two  principal  ways  in  which  the  energy  of  coal  may 
be  converted  into  mechanical  work.    One  is  by  raising  steam 
in  a  boiler,  and  then  utilising  as  much  as  possible  of  the  energy 
of  the  steam  in  some  form  of  steam  engine,  either  of  the  recipro- 
cating or  turbine  t)^.    The  other  is  by  gasifsdng  the  coal  com- 
pletely in  some  form  of  gas-producer,  and  then  burning  the 
resulting  gas  in  an  internal  combustion  engine.     Both  these 
methods  are  of  course  imperfect,  but  it  may  perhaps  be  of  interest 
to  compare  them  from  the  point  of  view  of  thermal  efficiency. 

In  the  first  place,  it  may  be  stated  that  the  thermal  efficiency 
of  aj[ood  modern  t)^  of  coal-fired  boiler  is  not  far  short  of  that 
---"•^cation  of  coal  in  a  gas-producer,  when  due  allowance 
^,he  fact  that  in  the  latter  case  it  is  necessary  to  clean 
I  resultant  gas  before  it  is  delivered  to  the  engine. 
t  be  far  wrong  in  putting  down  the  efficiency  of  each 
'er  good  working  conditions  at  about  75  per  cent. 
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Again,  under  favourable  working  conditions,  a  ga 
convert  about  27  per  cent,  of  the  energy  of  the  gas 
available  horse-power,  so  that  the  coal  consump 
to  obtain  a  shaft  horse-power  hour  by  means  of  the 
of  an  efficient  gas-producer  and  a  gas  engine  need 
than  I  lb. 

0-20  „ 

=  I  lb. 


075  X  027 


Within  recent  years  great  advances  have  been 
development  of  the  steam  turbine.  And,  accor 
published  results  of  trials  on  the  new  35,000  H.P.  P 
alternator  erected  at  the  Fisk  Street  Power  Statioi 
the  fuel  consumption  on  so  large  a  turbo-steam  set 
boiler  efficiency  of  75  per  cent.)  has  now  been  reduc 
coal  per  shaft  horse-power  hour.  Therefore,  it  won 
there  is  now  probably  Uttle  to  choose  between 
efficiencies  of  the  best  types  of  steam  and  gas  s; 
working  under  the  most  favourable  conditions. 

Broadly  speaking,  the  selection  of  a  power  scheme  h 
case  will  usually  involve  several  considerations.    F: 
course,  there  is  the  question  of  the  relative  thermj 
of  the  different  systems  of  converting  the  energy 
available  power.     But  this  is  by  no  means  the  only 
cases  even  the  most  important,  consideration.     I 
sometimes  more,  important  is  the  further  question  o 
planning  and  organisation  of  the  scheme  as  a  whole 
capital  outlay,  running  costs,  and  other  condition 
character.    The  question  of  the  ultimate  net  cost  o 
including  cost  of  fuel,  labour,  super\dsion,  interest, 
and  depreciation,  must  always  be  the  main  consider 
given  case,  and  it  by  no  means  follows  that  the  n: 
system  from  a  purely  thermal  point  of  view  will,  imd< 
conditions,  be  necessarily  the  cheapest  in  the  long  r 

Bearing  this  in  mind,  certain  general  considerati 
to  the  rival  claims  of  gas  and  steam  systems  in  rele 
economy  may  be  pointed  out.  Some  years  ago,  it  ; 
if  the  combination  of  the  gas-producer  and  internal 
engine  would  soon  out-distance  the  boiler  and  st( 
partly  because  of  the  then  much  superior  thermal  ( 
the  internal  combustion  engine,  and  partly  also  bee 
capacity  of  the  gas-producer  to  gasify  low-grade 
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^^ixnonia-recovery  conditions — ^two  very  important  considera- 
3X1S.  For  it  must  be  remembered  that  a  great  deal  of  coal 
3t:^iied  by  the  miner  is  so  inferior  in  quality  that  it  does  not 
"^inarily  pay  to  bring  it  up  to  the  surface,  and  it  is  therefore 
sxaally  left  below  in  the  mine.  It  has  been  claimed  that  the 
^s-producer  is  more  capable  than  any  form  of  boiler  of  dealing 
^th  such  inferior  grades  of  fuel,  and,  moreover,  that  it  can 
;a.sify  them  under  ammonia-recovery  conditions.  On  the  other 
xa.iid,  the  capital  outlay  and  the  ground  area  involved  in  the 
erection  of  an  ammonia-recovery  gas-producer  plant,  as  compared 
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vdth  a  boiler  installation,   have   hitherto   formed  formidable 
obstacfes  to  the  extension  of  the  system. 

The  above  diagram  (Fig.  74)  shows  approximately  the  net 
efficiency  (coal  to  brake  horse-power)  of  a  gas-producer  and  internal 
combustion  engine*  combination.    Calling  the  coal  energy  to  be 
debited  against  the  system  100,  the  items  to  be  credited  to  it 
under  full  working  conditions  are  20  in  respect  of  brake  horse- 
power, and  up  to  80  lbs.  of  ammonium  sulphate  per  ton  of  coal 
gasified.    Of  the  energy  losses  involved  per  100  coal  energy, 
are  in  respect  of  radiation  and  sensible  heat  of  the  hot  gas 
he  producer,  and  approximately  50  at  the  gas  engine — 20  in 
ct  of  loss  in  cooling  water  and  radiation,  and  30  in  respect 
!  exhaust  gases. 
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Now,  it  is  possible  to  improve  this  result  by  c 
engine  exhaust  to  some  form  of  waste-heat  boiler.  Ii 
with  the  author's  investigations  upon  surface  coi 
relation  to  steam  raising,  a  t]^  of  multitubular 
boiler  was  evolved  in  which  the  exhaust  gases  from 
combustion  engine  are  passed  through  tubes  packed  w 
material,  the  effect  of  which  is  to  bring  about  a  ven 
transmission  between  the  hot  gases  and  the  water  ii 
so  that  a  considerable  proportion  of  the  energy  in 
gas  is  quickly  transferred  to  the  water  and  is  obti 
form  of  steam.    Assuming  it  to  be  possible  in  this  w: 
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the  temperature  of  the  engine  exhaust  (say)  from  600 
and  to  generate  steam  at  60  lbs.  pressure  for  a  turbi 
brake  horse-power  efficiency  of  the  system  might  1 
from  20  to  about  25  per  cent.,  as  shown  in  Fig.  75. 

Turning,  now,  to  the  results  obtainable  from  the  < 
of  coal-fired  boiler  plus  turbine,  which  are  shown  diagr; 
in  Fig.  76,  it  is  seen  that  against  the  debit  of  100  i 
coal  energy,  the  only  credit  is  20  in  respect  of  avaiJ 
assuming  27  per  cent,  as  the  turbine  efficiency, 
possible  credit  in  respect  of  ammonium  sulphate,  anc 
the  boiler  should  be  supplied  with  a  fairly  good  gr 

With  regard  to  the  gas-firing  of  boilers,  it  may  I 
until  recently  such  procedure  has  usually  been  sc 
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that  its  adoption  on  a  large  scale  was  out  of  the  question,  except 
where  great  surpluses  of  gas  were  available  which  would  other- 
wise have  been  wasted.  The  invention  of  the  method  of  burning 
gases  flamelessly  in  contact  with  incandescent  surface  (Bonecourt 
System),  by  providing  a  means  of  achieving  both  very  high 
efficiencies  and  evaporative  powers  with  gas-fired  multitubular 
boilers,  has  completely  changed  the  outlook  in  this  direction. 

In  view  of  this  new  development,  the  nature  of  which  will  be 
further  considered  in  the  next  chapter,  another  effective  system 
of  power  production  may  be  suggested.  The  raw  coal  would, 
in  the  first  instance,  be  gasified  in  a  producer  under  ammonia- 
recovery  conditions;  the  resulting  gas  would  then  be  burnt  in 
a  surface  combustion  boiler  the  efficiency  of  which  with  producer 
gas  may  be  put  down  at  certainly  not  less  than  87  per  cent. 


tay  be  pu 
suiting  st 


c. 


resulting  steam  would  then  be  turned  into  a  steam-turbine, 
of  assumed  27  per  cent,  efficiency,  whereby  a  net  result  of  18  per 
cent,  in  respect  of  power  on  the  available  energy  of  the  coal 
consumed,  plus  80  lbs.  per  ton  of  ammonium  sulphate  would  be 
obtained  (Fig.  77).  So  much  then  for  the  efficiencies  of  coal  to 
power  energy  conversion  obtainable,  either  now  or  in  the  neai 
future,  with  the  most  modem  and  scientific  apparatus  and 
methods. 

With  regard  to  the  rival  merits  of  the  steam-turbine  and 
intemal'Combustion  engine,  which  time  alone  can  finally  decide, 
it  would  seem  under  present  conditions  (i)  that  from  the  .point 
of  view  of  the  size  of  the  units,  the  turbine  has  shot  far  ahead 
of  its  rival.  The  large  Parsons  turbo-alternator  recently  installed 
at  Chicago  of  33,000  H.P.  capacity,  far  surpasses  anything  yel 
attempted  with  an  internal  combustion  engine  urut;  (2)  that, 
whereas  a  gas  engine  only  works  at  its  highest  efficiency  with  a 
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high  load  factor,  a  turbine  maintains  its  efficiency  o 
range  of  load,  and  at  low  load  surpasses  its  rival;  (3 
engine  requires  much  more  lubrication,  but,  on  the 
usually  less  cooling  water,  than  the  turbine ;  and  (4) 
to  its  simpler  construction,  the  turbine  requires  less 
and  repairs,  and  is  more  reUable  than  its  rival. 

These  considerations  have  led  to  the  almost  univen 
of  the  steam  turbine  for  large  power  stations,  exci 
where  there  are  available  suppUes  of  surplus  gases 
ovens,  blast  furnaces,  or  the  Uke.  On  the  other  hand 
generating  units — say  up  to  3000  H.P. — ^where  the  lo 
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uniformly  high  and  not  subject  to  abrupt  variatio: 
engine  has  certain  important  advantages  which  spe( 
to  power  plants  in  connection  with  steel  works.  Ii 
however,  the  choice  between  the  two  rival  syster 
always  be  determined  on  purely  thermal  consideratl 
other  equally  important  factors. 


The  Organisation  of  Public  Power  Sche 

The  recent  development  of  comprehensive  elec 
schemes  in  various  parts  of  the  world,  notably  in  Chica^ 
on  the  north-east  coast  of  England,  on  the  Rand,  an( 
industrial  districts  of  Germany,  has  shown  that  power 
in  large  super-plants,  with  generating  machines  of  f 
or  more,  is  not  only  far  more  economical  than  in  a  lai 
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of  smaller  plants,  but  will  ultimately  involve  great  economies 
of  capital  by  ensuring  a  better  load  and  a  more  effective  use  of 
the  plant. 

Given  suitable  conditions,  there  are  undoubtedly  great  advan- 
tages to  be  gained  in  the  way  of  cheap  power  production  by  the 
co-operation  of  consumers  with  a  properly  organised  electric 
power  scheme  operating  over  a  large  industrial  area.  And 
probably  no  other  European  country  is  better  adapted  than 
our  own  for  such  co-operative  schemes,  because  of  the  compact- 
ness of  our  great  industrial  areas,  the  density  of  their  populations, 
and  their  proximities  to  the  coal-fields. 

In  every  industrial  area  there  are  factories  which  under  normal 
conditions  work  during  the  day  only ;  others  must  of  necessity 
work  both  day  and  night  continuously.  In  some  cases  the 
power  requirements  are  fairly  uniform  throughout  the  day's  run, 
whilst  in  others  they  are  subject  to  large  and  abrupt  variations. 

Some  establishments,  as,  for  instance,  steel  roUing  mills,  have 
intermittent  loads  for  short  periods  far  in  excess  of  their  average 
hourly  requirements.  Others  again,  such,  for  example,  as 
isolated  by-product  coke  ovens  or  blast  furnaces,  have  large 
surpluses  of  gas  which  cannot  be  fully  utilised  on  the  plant 
itself.  Some  factories,  also,  may  have  surplus  energy  to  dispose 
of  in  the  form  of  so-called  "  waste-heat  "  or  of  unutilised  "  ex- 
haust steam."  In  every  large  industrial  area  there  are  enormous 
energy  losses  continuously  going  on  in  different  ways,  which 
the  individual  manufacturer  may  be  unable  to  utilise  effectuaUy 
himself,  but  which  he  would  be  wiUing  to  sell  to  a  public  organisa- 
tion empowered  not  only  to  sell  electrical  energj',  but  also  to 
purchase  surplus  gas,  waste  heat,  and  exhaust  steam  from  any 
of  its  customers,  and  convert  the  same  into  electrical  energy 
for  general  distribution. 

The  question  of  the  future  of  electric-power  supply  in  Great 
Britain  has  been  the  subject  of  an  Interim  Report  by  Lord 
Haldane's  Coal  Conser\'atian  Committee  (of  which  the  author 
was  a  member)  under  the  Ministry  of  Reconstruction,  which 
was  issued  on  December  7,  1917,^  tor  the  infonnation  of  the 
public. 

This  Report  reviews  the  present  position  of  power  generation 

throughout  the  Kingdom  and  makes  a  number  of  important 

recommendations  for  its  future  organisation,  and  the  reader  will 

find  that  the  manifold  points  dealt  with  therein  will  amply  repay 

1  His  Majesty's  Stationery  Office,  1918,  price  3d. 
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a  careful  perusal  in  detail.  Whilst  various  considei 
dude  any  lengthy  survey  of  the  subject  in  these  pa 
two  outstanding  features  of  the  Report  may  be  men 

In  the  first  place  the  Committee  point  out  it  is  onl] 
increasing  the  amount  of  power  used  in  industry  that 
output  per  individual  worker  can  be  increased  in  this 
They  find  that  the  amount  of  power  used  in  the  Ui 
per  worker  is  on  the  average  56  per  cent,  more  than  in 
Kingdom,  and  that  if  workers  in  trades  where  the  ui 
is  limited,  or  even  impossible,  be  eliminated,  the  fig 
United  States  would  probably  be  nearly  double  what 
country.  They  also  estimate  that  if  power  supply  in 
Kingdom  were  dealt  with  on  comprehensive  lines  anc 
were  taken  of  the  most  modem  engineering  devel< 
would  be  possible  either  (a)  to  save  55  million  tons 
annum  on  the  present  output  of  power  and  manufa 
ducts,  or  alternately  (6)  from  the  present  coal  cons 
factories  to  generate  continuously  day  and  night 
the  year,  no  less  than  15  million  additional  horse-pov 

On  the  assumption  that  power  may  be  most  efficiei 
to  industry  by  the  medium  of  electricity,  the  Conrni 
the  opinion  that  the  present  system  of  electrical 
tribution  throughout  the  coimtry,  which  is  undertal 
600  authorities  in  as  many  separate  districts,  is  both 
wrong  and  commercially  uneconomical. 

The  present  average  size  of  generating  stations  i 
be  only  5000  H.P.,  or  about  one-fourth  of  what  shoulc 
smallest  generating  machine  in  a  power  station.  The 
accordingly  made  a  number  of  recommendations  foi 
vision  of  the  present  system  by  a  comprehensive 
Great  Britain,  of  which  the  first  six  may  here  be  quo 

(i)  It  is  essential  that  the  present  inefficient  sysl 
600  districts  should  be  superseded  by  a  cor 
system  in  which  Great  Britain  is  divided 
sixteen  districts,  in  each  of  which  there  sh( 
authority  dealing  with  all  the  generation 
distribution. 

(2)  Centres,  or  sites,  suitable  for  electric  generatii 
should  at  once  be  chosen  on  important  wj 
the  future  main  centres  of  supply  for  each  of 
into  which  the  country  is  to  be  divided. 
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(3)   Tlie  sites  so  chosen  should  be  as  large  as  possible,  having 
in  view  the  land  available  in  suitable  localities,  and 
should  have  ample  water  and  transport  facilities.    Land 
is  required,  not  only  for  the  power  stations  themselves — 
ivhich  for  the  sake  of  security  and  safety  would  have  to 
be  suitably  subdivided,  that  is,  they  would  not  be  con- 
tained all  in  one  building — ^but  for  the  processes  involved 
in  the  extraction  of  by-products  from  the  coal  before 
it  is  used  for  the  production  of  power,  where  such 
extraction  is  found  to  be  justified.    It  is  also  required 
for  the  development  of  electro-chemical  processes,  which 
may  be  most  conveniently  carried  on  in  close  proximity 
to  the  power  plant.    This  condition  entails  the  sites 
being  chosen  outside,  not  inside,  towns.    The  health  of 
the  great  industrial  centres  and  the  congestion  of  the 
railway  lines  in  their  neighbourhood  would  be  radically 
improved  by  arranging  that  the  conversion  of  coal  into 
motive  power  was  carried  out  away  from  the  densely 
populated  centres. 
(4)  Plans  should  be  prepared  for  the  construction  immediately 
after  the  war  on  these  sites  of  the  first  instalment  of 
large  super-power  plants  capable,  first,  of  supplying 
through  a  comprehensive  electric  power  distribution 
system  which  must  also  be  arranged  for,  the  existing 
demands  of  the  commimity ;  and,  secondly,  of  supplying 
electrical  energy  at  the  lowest  possible  price  for  new 
processes  and  manufactures. 

(5)  Such  plants  would  be  designed  so  that,  as  methods  are 

perfected  for  extracting  by-products  from  the  fuel, 
before  using  it  for  the  purpose  of  the  production  of 
electric  power,  the  by-product  plant  can  be  combined 
with  the  power  plant.  Each  site  should  be  laid  out 
with  this  in  view,  and  with  a  view  to  the  unrestricted 
extensions  of  the  plant  as  required. 

(6)  Power  available  from  surplus  gas  or  waste  heat  should  be 

turned  into  electrical  energy  on  the  spot  in  local  plants 
which  would  feed  into  the  main  distribution  system.    As 
gards  waste  coal,  i.e.  coal  which  it  does  not  at  present 
xy  to  bring  to  the  surface — this  could,  where  transport 
IS  the  ruling  consideration,  also  be  used  on  the  spot. 


I 


t  of  delivering  electric  current  from  a  public  power 
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station  to  a  consumer  is  made  up  of  two  parts,  namel 
rating  costs  at  the  station,  and  (b)  distribution  costs 
(b)  is  usually  by  far  the  larger  item,  for  it  is  prind 
up  of  the  interest  upon  the  heavy  capital  expenditu 
in  the  laying  of  the  main  cables.  The  cost  of  general 
at  a  public  supply  station  of  average  size  in  this  cou 
not,  as  a  rul^,  exceed  a  fraction  of  a  penny.  It  inc 
dpally,  three  items,  namely,  (i)  fuel,  (ii)  interest  an 
tion  on  capital,  and  (iii)  other  charges,  such  as  s 
wages,  lubrication,  and  repairs  to  plant. 

The  pre-war  cost  of  generating  electric  current  at  a 
efficient  station  in  this  country  (including  fuel,  ii 
depreciation,  and  all  other  charges)  might  be  put  ; 
0*25  and  0'6od,  per  unit,  of  which  the  cost  of  fue 
reckoned  as  about  half  of  the  total.  The  increased  < 
the  war  may  perhaps  be  put  at  about  50  per  cent, 
war  figure,  so  that  to-day  (1918)  the  total  cost  woul 
range  between  0-37  and  o-god,  per  unit. 

The  coal  consimied  in  a  fairly  efficient  station,  with 
good  load  factor,  should  not  exceed  2-25  lbs.,  or 
thousandth  part  of  a  ton,  per  unit  of  electricity  gene 
under  the  most  favourable  conditions  it  might  be  : 
175  or  even  1-50  lb.  per  unit.  The  last-named 
indeed,  been  achieved  under  the  North-East  Coast  Pow 
which  is  perhaps,  from  a  technical  standpoint,  the  mc 
in  Great  Britain. 

The  author  has  already  drawn  attention,  in  his  L 

"  Fuel  Economy  "  before  the  Royal  Institution  in  ic 

present  unsatisfactory  organisation  of  London's  elect 

which  perhaps  may  be  cited  as  a  conspicuous  examp 

Lord    Haldane's    Committee    have    described    as    " : 

wrong  and  commercially  uneconomical."     The  popula 

area  covered  by  Greater  London  is  about  7J  millions. 

trical  supply,  instead  of  being  organised  under  a  simp 

Ung  authority  on  one  imiform  scheme,  is  at  present  in 

of  no  less  than  65  separate  authorities,  which  genera 

on  49  different  systems  at  no  less  than  70  different  j 

stations,  containing  altogether  some  585   prime  mo^ 

average  size  of  the  generating  stations  is  only  5285  . 

many  of  the  older  stations  still  contain  reciprocatinj 

and  some  are  so  situated  that  it  is  necessary  to  ca] 

them.    Current  is  distributed  from  these  stations  at  5^ 
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>ltages,  and  the  consumer  is  chaiiged  at  one  or  other  of  some 
>  different  rates  for  the  current  he  buys.  There  is  no  doubt 
at  tliat  ^were  the  London  supply  to  be  reorganised  on  lines 
^commended  by  the  Conunittee's  Report,  electric  current  would 
e  considerably  cheapened  throughout  the  area,  to  the  great 
enefit  of  the  whole  population. 


The  North-East  Coast  Electric  Power  Scheme 

As  an  example  of  what  has  already  been  done  since  the  begin- 
ning of  the  century  in  one  important  industrial  area  in  the 
Kingdom  in  the  direction  of  organising  a  comprehensive  scheme 
of  electric  power  supply,  the  following  particulars  of  the  North- 
East  Coast  Scheme  may  be  given : — 

The  area  in  question  (1400  square  miles),  which  includes  the 

Northumberland  and  Durham  Coalfields  and  the  Cleveland  Iron 

District,  together  with  the  cognate  and  associated  engineering 

and  shipbuilding  industries  of  the  T3aie,  the  Wear,  and  the  Tees, 

extends  for  a  distance  of  70  miles  from  Morpeth  and  Blyth  in 

the  north  to  Stockton  and  Middlesbrough  in  the  south. 

The  district  is  a  remarkable  one  in  many  respects.    With  a 

population  (in  191 1)  of  2-3  millions,  or  about  5  per  cent,  of  that 

of  the  whole  country,  it  produced  in  1913  nearly  20  per  cent,  of 

total  coal,  36-5  per  cent,  of  the  total  coke,  and  377  per  cent. 

of  the  total  pig  iron  raised  or  made  in  the  kingdom.    And  owing 

to  its  three  deep  estuaries,  the  T5aie,  the  Wear,  and  the  Tees, 

it  built  in  that  year  no  less  than  51  per  cent,  of  our  total  output 

of  merchant  shipping  tonnage.    It  was  the  district  which  gave 

birth  to  the  first  public  railway  in  1825,  and  later*  on,  after  the 

discovery  of  the  Cleveland  ironstone  deposits,  it  led  the  world 

in  the  development  of  that  mighty  engine  of  production  the 

modem  blast  furnace,  and  brought  to  fruition  the  basic  steel 

process. 

The  local  conditions  governing  power  supply  throughout  the 
district  are  (i)  a  good  supply  of  cheap  coal ;  (2)  the  large  size 
and  considerable  technical  development  of  most  of  the  industrial 
establishments ;  and  (3)  the  fact  that  there  are  abundant  supplies 
of  potential  energy  in  the  form  of  surplus  coke-oven  and  blast- 
^  ■».  gases  and  waste  heat  which  only  a  comprehensive  power 

^  ',an  fully  utilise. 

^k  ^esent  scheme  owed  its  inception  to  an  amalgamation 

^A  tion  of  three  power  companies — ^namely,  the  Newcastle 
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Company,  which  started  in  1889  as  a  small  lightin 
the  Durham  Company,  which  started  in  1901  with  tl 
ting  stations  at  Jarrow,  Gateshead,  and  Durham,  an^ 
land  Company,  which  started  in  1903,  with  its  principc 
station  at  Grangetown,  near  Middlesbrough.  In 
these  three  Companies,  the  scheme  has  absorbed  ( 
Collieries  Electric  Power  Company  and  the  Northe 
Electrical  Supply  Company. 

There   are   now  seventeen  generating  stations 
LXXVI),  namely,  five  coal-fired  (total  capacity,  11 


TABLE  LXXVI 
Particulars  of  Gbnbrating  Stations  (All  3-Phasb,  40 

THB  Year  191 5 


Horse-po^ 

Power  Station. 

Type. 

of 
Generatii 
Plant. 

CarviUe,  Old  Station     . 

Coal-fired 

53.500 

„         New  Station   . 

Coal-fired 

32.000 

Dunston 

Coal-fired  and  Gas  . 

45.500 

Philadelphia 

Coal-fired      .     .     . 

16,000 

Neptune  Bank    . 
Hebbum       .... 

Coal-fired 

5,800 

Coal-fired 

4.300 

Blaydon 

Waste  Heat  and  Gas 

3.200 

Bankfoot       .... 

Waste  Heat  and  Gas 

8,000 

Bowden  Close     . 

Waste  Heat  and  Gas 

6,400 

Grangetown  .... 

Coal-fired  and  Waste 

Heat     .... 

11,200 

Newport 

Waste  Heat  .      .      . 

7.300 

Weardale       .... 

Waste      Heat      and 

Coal-fired  . 

7.300 

Clarence 

Waste  Heat  .      .      . 

4,000 

Ayresome      .... 

Waste  Heat  .      .      . 

3.200 

Tees  Bridge  .... 

Waste  Heat  .      .      . 

1,500 

Shotton 

Waste  Heat  .      .      . 

1,300 

Horden 

Waste  Heat  .      .      . 

1,300 

Total      .      .      . 

211,800 

six  waste-heat  stations  (total  capacity,  18,600  H.P.] 
coal-fired  and  partly  gas-fired  (capacity  45,000  H.P.] 
coal-fired  and  partly  waste-heat  (total  capacity,  i 
and  three  partly  waste-heat  and  partly  gas-fired  (tc 
17,600  H.P.).  The  total  capacity  of  the  genei 
installed  up  to  the  end  of  last  year  was  211,800  H.P 
utilised  are  either  coke-oven  gas  or  blast-furnace  g. 
there  are  enormous  surpluses  in  the  area.     The 
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stations  utilise  either  the  sensible  heat  in  the  burnt  gases  from 
coke-ovens  or  the  exhaust  steam  from  blowing  engines  in  iron- 
works, which,  before  being  delivered  to  the  steam  engine,  is 
sometimes  "superheated  "  by  the  combustion  of  blast  furnace 
gas.  AU  the  prime  movers  are  steam-turbines,  no  gas  engine 
being  used.  When  gas  b  employed  as  a  source  of  energy,  it  is 
always  burnt  imder  boilers,  generating  steam  for  lurbines. 

I  am  permitted,  through  the  courtesy  of  Messrs,  Merz  and 
McLellan,  the  Consulting  Engineers  for  the  scheme,  to  give,  by 
way  of  example,  the  following  particulars  relating  to  two  of  the 
generating  stations.  The  first  is  the  Dunston  station  of  the 
Newcastle  Company  (Plate  X),  which  is  not  only  the  most 
modem,  but  also,  when  completed,  will  be  one  of  the  largest  in 
Europe,  It  is  fired  partly  by  coal  and  partly  also  by  surplus 
gas  from  the  Teams  Otto  by-product  coke  ovens.  Its  five  lai^e 
turbo-alternators  have  an  output  capacity  of  45,500  H.P.  But 
the  station  is  laid  out  for  six  generating  units,  with  a  maximum 
total  capacity  of  about  70,000  H.P.  Steam  is  generated  from 
coal-fired  Babcock  and  Wilcox  boilers  at  a  pressure  of  200  lbs. 
per  square  inch,  and  is  then  superheated  to  570°  Fahr.  before 
delivery  to  the  turbines.  Three-phase  current  is  generated  at 
a  normal  pressure  of  6000  volts  and  a  frequency  of  40  complete 
cycles  per  second. 

The  second  example  is  the  Newport  Waste-Heat  Station 
{Plate  XI)  near  Middlesbrough,  which  is  equipped  with  four 
1666  H.P.  Parson's  turbines,  driven  by  exhaust  steam  from  the 
blowing  engines  in  Sir  B.  Samuelson  &  Co.'s  ironworks  close 
by,  and  also  a  900  H.P.  Brush  turbo-alternator,  driven  by 
supplies  of  high-pressure  steam  from  the  same  works.  The 
two  main  alternators  were  built  by  the  British  Westinghouse 
Company,  and  run  at  2400  revolutions  per  minute,  generating 
electrical  energy  at  3000  volts  and  90  cycles  per  second,  the 
greater  portion  of  which  is  transformed  up  to  11,000  volts  before 
being  fed  into  the  Company's  high-tension  main.  All  the  power 
stations  generate  three-phase  current  at  40  cycles  per  second. 
At  the  larger  stations  the  generating  pressure  is  5ooo  volts; 
but  in  the  "  waste-heat  "  stations  it  is  3000  volts,  while  at 
Grangetown  it  is  11,000  volts.  In  some  of  the  stations  it  is  at 
once  transformed  up  to  11,000  or  20,000  volts,  at  which  it  is 
transmitted  throughout  the  area  to  the  various  sub-stations, 
where  it  is  transformed  down  to  6000,  3000,  600,  or  440  volts. 

Fig.  776  illustrates  the  phenomenal  development  of  the 
scheme  during  the  fifteen  years  (1900-1913)  since  its  inception. 
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The  total  horse-power  connected  is  now  nearly  3, 

the  total  capacity  of  the  generating  plant  is  nearly : 

The  system 

j^Joo  tridty  in  bi 


Mill 


oMoo    electridtyf: 


Fig.  776. 


vooo    Company's 
locomotive 
Gateshead, 
shops    at 
H.P.),   the 

at  Walker  Gate,  Tyne  Dock,  and  Percy  Main,  as 
goods  stations  at  Newcastle,  and  their  docks  at  '. 
(800  H.P.)  and  Hartlepool  (540  H.P.).  Many  trami 
and  most  of  the  large  industrial  establishments  it 
also  large  customers.  Most  of  the  large  industrial  c 
in  the  area— including  collieries,  ironstone  mines, 
works,  shipbuilding  yards,  engineering  shops,  ceme 
and  alkali  works,  flour  mills,  and  electro-chemii 
are  connected  with  the  system. 

The  average  price  for  electric  energy  is  less 
unit,  whilst  the  coal  consumption  per  H.P.  hou 
consumer's  terminals  is  only  154  lb.  It  has  1 
that  this  latter  figure  has  replaced  a  former  coa 
of  7  lbs.  per  H.P.  hour  when  the  various  Indus 
ments  now  connected  with  the  power  scheme  g 
own  power  individually.  On  the  total  of  56c 
hour  delivered  at  consumers'  tenninals  during  1 
this  would  represent  a  saving  of  no  less  than  1,3 
coal  per  annum.  The  utilisation  of  "  waste  hea 
the  area  now  amounts  to  an  equivalent  of  abou 
of  coal  per  annum. 


CHAPTER  XXII 

"  SURFACE  COMBUSTION  "  ^ 

iscourse  by  the  Author  before  the  Royal  Institution  of  Great 
Britain  on  Friday,  February  27, 1914 

JRING  his  researches  upon  Flame,*  Sir  Humphry  Davy 
>vered»  in  1817,  that  the  constituents  of  a  combustible 
:ure  will  combine  slowly  below  the  ignition  temperature; 
led  him  to  enquire  whether,  seeing  that  the  temperatures 
ames  far  exceed  those  at  which  solids  become  incandescent, 
etallic  wire  can  be  maintained  at  incandescence  by  the  com- 
ition  of  gases  at  its  surface,  without  actual  flame;  He  there- 
n  tried  the  effect  of  introducing  a  warm  platinum  wire  into  a 
:ontaining  a  mixture  of  coal-gas  and  air  rendered  non-explosive 
an  excess  of  the  combustible  constituents;  the  wire  imme- 
:ely  became  red  hot,  and  continued  so  until  nearly  the  whole 
he  oxygen  had  disappeared. 

Ve  wiU  repeat  the  experiment,  in  a  modified  form,  with  the  aid 
1  platinum  crucible  and  a  Bunsen  burner.  If  the  platinum 
cible  be  wanned  by  the  flame,  and  the  flow  of  the  explosive 
dure  through  the  burner  be  momentarily  arrested,  and  then 
nediately  renewed,  the  gases,  instead  of  burning  with  flame  at 
burner  head,  will  immediately  combine  without  flame  over  the 
tinum  surface,  causing  it  to  glow. 

during  the  twenty  years  which  followed  Davy's  discovery, 
'eral  distinguished  chemists   (William  Henry  and  Thomas 

In  response  to  many  requests  that  this  volume  should  include  a 
ipter  on  the  subject  of  "  Surface  Combustion/'  the  author  decided, 
:h  the  kind  permission  of  the  Royal  Institution  authorities,  to  reprint 
s  Lecture  just  as  it  was  delivered,  supplemented  by  Addenda  briefly 
icribing  certain  developments  which  have  taken  place  since  it  was 
en.  The  subject  was  treated  in  greater  detail  in  the  course  of 
>ward  Lectures  which  the  author  delivered  in  191 4  before  the  Royal 
ciety  of  Arts,  and  also  in  his  Lectures  in  191 1  and  191 2  before  the 
nerican  Gas  Institute  {Proc.  Amer.  Gas  Institute,  VI.,  565],  the  Franklin 
stitute.  and  the  German  Chemical  Society  (Ber,,  1913,  Vol.  XL VI,  p.  5). 
«  Ca"-ctof  Works,  Vol.  VI.,  p.  8. 
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points,  namely :    (i)  that  "  this  invisible  flameless 

:  is  only  possible  under  certain  conditions ; "  (2)  "  that 

stible  mixture  shall  come  into  absolute  contact  with 

e   at  high  temperature  .  .  .;"  and  (3)  that  "in  the 

i    a   solid  substance  at  a  high  temperature,  it  is  im- 

o  cause  combustion  without  flame  " ;  but,  so  far  as  I 

e,  lie  did  not  follow  up  the  matter  beyond  this  point, 

1    its  theoretical  aspects  or  practical  applications,  and 

:  bad  but  little  influence  upon  contemporary  opinion 

lice. 

wn  investigations  upon  surface  combustion  began  in  1902 
systematic  attempt  to  elucidate  the  factors  operative  in 
w  combination  of  hydrogen  and  of  carbon  monoxide  in 
t  with  various  hot  surfaces  {e,  g.  porcelain,  fireclay,  mag- 
platinum,  gold,  silver,  copper  and  nickel  oxides,  etc.)  at 
ratures  below  500**  C.  Into  the  details  of  these  earlier  experi- 
s,  which  preceded  and  led  up  to  the  technical  developments 
t  which  I  shall  speak  later,  I  do  not  propose  to  enter;  it 
be  sufficient  for  my  present  purpose  if  I  say  that  it  was  proved 
Olid  all  question  (i)  that  the  power  of  accelerating  gaseous 
ibustion  is  possessed  by  aU  siirfaces  at  temperatures  below 
•   ignition  point  in  varying  degrees,  dependent  upon   their 
amical  characters  and  ph)^cal  texture;    (2)  that  such  an 
celerated  surface  combustion  is  dependent  upon  an  absorption 
the  combustible  gas,  and  probably  also  of  the  oxygen,  by 
le  surface,  whereby  it  becomes  "  activated  "  (probably  ionised) 
•y  association  with  the  surface ;  and  (3)  that  the  surface  itself 
)econies  electrically  charged  during  the  process.    Finally,  certain 
important    differences    between    homogeneous    combustion    in 
ordinary  flames  and  heterogeneous  combustion  in  contact  with 
a  hot  surface  from  a  chemical  point  of  view  were  established,  so 
that  there  can  be  no  longer  any  doubt  as  to  the  reality  of  the 
phenomenon.^ 

The  fact  that  such  catalytic  combustion  depends  upon  an 
intimate  association  of  the  surface  with  the  combining  gases  is 
beautifully  illustrated  by  two  photomicrographs  of  the  surface 
of  a  silver  gauze  taken  before  and  after  a  long  series  of  experiments 
in  which  it  was  employed  as  the  catalysing  medium  for  the 

1  Bone  and  Wheeler,  Phil,  Trans.  Roy.  Soc,  1906  (A.  206.  pp.  1-67), 
^'^'^  fi^w-iier  (unpublished)  results  (1905-12)  in  collaboration  with  Messrs. 
^rew,  A.  Forshaw.  and  H.  Hartley,  which  are  summarised  in 
DeiUschen  Chem.  Ges.,  1913. 
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combination  of  hydrogen  and  oxj^n  at  400"  C.  (848" 
shows  the  original  smooth  condition  ol  the  surface 
shows  the  "  frosted  "  effect  produced  by  the  dee] 
action  of  the  reacting  gases  daring  their  abs( 
"activation"   by  the  surface. 

My  next  contention  is  that  if  hot  surfaces  possess 
accelerating  gaseous  combustion  at  temperatures  bei 
neighbourhood  of,  the  ignition  point,  the  same  pom 
be  manifested  in  even  a  greater  degree  at  higher  t€ 
and  especially  so  when  the  surface  ilself  becomes  ii 
Indeed,  there  are  experimental  grounds  for  the  bel 
only  does  the  accelerating  influence  of  the  surface  rapi 
with  the  temperature,  but  also  that  the  differences  1 
catalysing  powers  of  various  surfaces,  which  at  low  b 
are  often  considerable,  diminish  with  ascending  ti 
until  at  bright  incandescence  they  practically  disapp 
Such  considerations  as  I  have  thus  briefly  explaine* 
me  some  years  ago  that  if  an  explosive  gaseous  mixtu 
injected  on  to  or  forced  through  the  interstices  of  a  pc 
lory  incandescent  solid  under  certain  conditions,  wl 
hereafter  explained,  a  greatly  accelerated  combustion 
place  within  the  interstices  or  pores,  or,  in  other  wc 
the  boundary  layers  between  the  gaseous  and  solid  p] 
ever  these  may  be  in  contact — and  the  heat  develoi 
intensifled  combustion  would  maintain  the  surface  ii 
incandescence  wttkout  any  development  of  flame,  thi 
the  conception  of  flameless  incanjescent  surface  combt 
means  of  greatly  increasing  the  genera]  efficiency 
operations  where\'er  it  can  be  conveniently  applied. 

There  are  critics  who,  whilst  admitting  the  acceleri 
ence  of  an  incandescent  surface  upon  gaseous  combi 
sceptical  about  the  process  being  reaUy  flameless.  Tl 
such  objections  largely  disappears  when  we  get  into  clo! 
with  the  phenomenon,  and  realise  how  extremely  sloi 
action  flame  combustion  really  is  when  considered  ii 
molecular  time.  Take,  for  exajnple,  the  case  of  sue! 
burning  mixture  as  electrolytic  gas  (zH,  +  0,).  Wh 
ignited  at  atmospheric  pressure,  the  flame  is  initially  p 
by  conduction  with  a  uniform  slow  velocity  of  20  n 
second,  and  during  this  initial  period  of  "  inftamma 
total  duration  of  chemical  change  in  each  successive  layi 
thing  like  the  order  of  ^  second,  an  interval  of  at  least  ix 
■MS 
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■  million  times  as  long  as  the  average  interval  between  successive 
molecular  collisions  in  the  gas.  Even  after  "  detonation  "  has 
been  set  up  in  the  mixture,  when  the  combustion  is  propagated 
from  layer  to  layer  as  a  wave  of  adiabatic  compression,  at  a 
velocity  of  2820  metres  per  second,  the  total  duration  of  chemical 
change  is  still  of  the  order  of  ^^jm  or  moon  second,  or  about  a 
miUion  times  as  long  as  the  interval  between  successive  molecular 
collisions. 

To  illustrate  how  a  flame  may  be  extinguished  by  the  introduc- 
tion of  an  active  catalysing  surface,  I  will  perform  an  experiment 
which  was  first  exhibited  here  a  year  ago  by  my  colleague  Pro- 
fessor the  Hon.  R.  J.  Stnitt,  who  has  very  kindly  lent  me  his 
apparatus.  Most  of  you  will  be  familiar  with  his  discovery  of 
the  active  modification  of  nitrogen  produced  by  a  powerful 
electric  discharge.  This  bulb  (capacity  300  c.c.)  is  full  of  rarefied 
nitrogen,  at  a  pressure  of  about  -^^  mm. ;  and  in  the  side  tube 
lies  an  oxidised  copper  wire,  which  fits  it  as  closely  as  is  consistent 
with  easy  sliding. 

If  the  nitrogen  in  the  bulb  be  subjected  to  a  powerful  electrode- 
less  discharge,  it  is  transformed  into  an  active  condition;  the 
gas  continues  to  glow  brilliantly,  owing  to  the  fact  that  the 
"  active  "  modification  is  reverting  to  the  ordinary  kind  produc- 
ing a  luminosity  which  may  be  regarded  as  a  condition  analogous 
with  flame.  The  glow  wiU  last  for  a  minute  or  more  during  the 
progress  of  the  chemical  reversion,  and  finally  dies  out  when  the 
latter  is  completed. 

But  if,  on  repeating  the  experiment,  the  bulb  be  tilted  so  that 
the  oxidised  copper  wire  drops  into  the  glowing  gas,  the  lumin- 
osity is  instantly  extinguished.  This  shows  that  the  reversion 
process  is  so  enormously  accelerated  by  the  surface  that  prac- 
tically the  whole  of  the  chemical  action  is  concentrated  at  the 
surface,  and  instantaneously  completed  there,  thus  extinguishing 
the  glow. 

I  think  we  have,  in  Professor  Strutt's  experiment,  a  close 
analogy  to  what  I  conceive  as  occurring  when  an  incandescent 
surface  is  employed  to  accelerate  ordinary  gaseous  combustion ; 
the  action  is  so  concentrated  at  the  surface  that  a  substantially 
"  flameless  "  effect  results.  I  want  to  emphasise  the  fact  that 
the  incandescent  solid  plays  a  specific  r61e  in  this  surface  com- 
bustion :  it  is  no  mere  idle  looker-on  at  the  surging  crowd  of 
reacting  molecules  which  swarm  around  it.  On  the  contrary, 
it  so  galvanises  and  incites  the  dormant  affinities  between  the 
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combustible  gas  and  oxygen,  that  the  stately  minuet 
combustion  gives  place  to  the  wild  intoxication  of  the: 
The  manner  in  which  the  surface  acts  is  still  perb^ 
of  conjecture,  but  the  fact  that  it  so  acts  can  no  longer! 
In  a  discussion  which  took  place  at  the  British  As& 
1910,  Sir  J.  J.  Thomson  insisted  that  combustion  is 
not  only  with  atoms  and  molecules,  but  also  witl 
f .  e.  bodies  of  much  smaller  dimensions  and  moving 
high  velocities,  and  suggested  that  in  reference  to  tl 
of  hot  surfaces  in  promoting  combustion  it  was  not 
that  the  emission  of  charged  particles  from  the  sui 
factor  of  primary  importance.  It  is  known  that  ii 
surfaces  emit  enormous  streams  of  electrons  travellini 
velocities,  and  the  actions  of  these  surfaces  in  promoti 
tion  may  ultimately  be  found  to  depend  on  the  fac 
bring  about  the  formation  of  layers  of  electrified  gs 
chemical  changes  proceed  with  extraordinarily  high  ^ 

The  New  Processes  of  Incandescent  Surface  C 

Leaving  the  theoretical  aspects  of  the  subject, 
describe  some  of  the  more  important  features  of  two  ] 
incandescent  surface  combustion  evolved  at  the  work 
Wilsons  and  Mathiesons,  Ltd.,  in  Leeds  under  m) 
with  the  assistance  of  Mr.  C.  D.  McCourt,  in  which  a 
ous  explosive  mixture  of  gas  and  air,  in  the  proper 
for  complete  combustion  (or  with  air  in  slight  exce 
is  caused  to  bum  without  flame  in  contact  with 
incandescent  solid,  whereby  a  large  proportion  of  th 
energy  of  the  gas  is  immediately  converted  into  ra< 
The  advantages  claimed  for  the  new  system,  now 
the  "  Bonecourt "  system,  are :  (i)  the  combustion 
accelerated  by  the  incandescent  surface,  and,  if  so  d< 
be  concentrated  just  where  the  heat  is  required ;  (2)  t 
tion  is  perfect  with  a  minimum  excess  of  air ;  (3)  the 
of  very  high  temperatures  is  possible  without  the  aid  c 
regenerative  devices ;  and  (4)  owing  to  the  large  amoun 
energy  developed,  transmission  of  heat  from  the  seat 
tion  to  the  object  to  be  heated  is  very  rapid.   These  j 
are  so  imiquely  combined  in  the  new  system  that  th 
heating  effect  is,  for  many  important  purposes  not 
eminently  economical,  but  also  easy  of  control. 
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Diaphragm  Heating  and  its  Applications 

In  the  first  process  the  homogeneous  mixture  of  gas  and  air  is 

allowed  to  flow  under  shght  pressure  through  a  porous  diaphragm 

of  refractory  material  from  a  suitable  feeding  chamber  (see  Fig.8o), 

I  and  is  caused  to  bum  without  flame  at  the  surface  of  exit,  which 


is  thereby  maintained  in  a  state  of  red-hot  incandescence.  The 
diaphragm  is  composed  of  granules  of  firebrick,  or  other  material, 
bound  together  into  a  coherent  block  by  suitable  means;  the 
porosity  of  the  diaphragm  is  graded  to  suit  the  particular  kind  of 
gas  for  which  it  is  to  be  used.  The  diaphragm  is  mounted  in  a 
suitable  casing,  the  space  enclosed  between  the  back  of  the  casing 
and  the  diaphragm  constituting  a  convenient  feeding-chamber  for 
the  gaseous  mixture.  Such  a  mixture  may  be  obtained  in  either 
of  two  ways,  namely  (i)  by  means  of  suitable  connections  through 
a  Y-piece  with  separate  supphes  of  low-pressure  gas  and  air  (2 
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or  3  in.  W.G.  is  sufficient),  or  (2)  by  means  of  an 
arrangement  connected  with  a  supply  of  gas  at  a  pre 
2  lbs.  per  sq.  in. ;  the  gas  in  this  case  draws  in  its  o 
the  atmosphere  in  sufficient  quantity  for  complete 
the  proportions  of  gas  and  air  being  easily  regulated 
device. 

We  will  now  start  up  a  diaphragm.  Gas  is  first  of  s 
and  ignited  as  it  issues  at  the  surface ;  air  is  then  grac 
imtil  a  fully  aerated  mixture  is  obtained.  The  flai 
comes  non-limiinous,  and  diminishes  in  size;  a  m< 
it  retreats  on  to  the  surface  of  the  diaphragm,  wt 
assumes  a  bluish  appearance;  soon,  however,  the 
the  surface  attain  an  incipient  red  heat,  producinj 
mottled  effect ;  finally,  the  whole  of  the  surface  layer 
becomes  red  hot,  and  an  accelerated  "  surface  o 
comes  into  play.  All  signs  of  flame  disappear,  and  tl 
an  intensely  glowing  surface  throwing  out  a  genial  i 
which  can  be  steadily  maintained  for  as  long  as  requ 

Whilst  the  diaphragm  is  in  operation  before  you, 
out  some  of  the  more  striking  features  of  the  phenon 
it  presents.    Firstly,  the  actual  combustion  is  confir 
very  thin  layer — J  to  J  in.  only — ^immediately  below 
and  no  heat  is  developed  in  any  other  part  of  the 
Kindly  observe  that  whilst  the  front  of  the  diaphragn: 
hot,  the  back  of  the  apparatus  is  so  cold  that  I  can  1 
on  it.     Secondly,  the  combustion  of  the  gas,  althou 
within  such  narrow  limits,  is  perfect,  for  when  once 
proportions  of  gas  and  air  have  been  properly  adjust 
of  unburnt  gas  escapes  from  the  surface.     Thirdly,  t 
ture  at  the  surface  of  the  diaphragm  can  be  instant 
will  by  merely  altering  the  rate  of  feeding  of  the  gasec 
there  is  practically  no  lag  in  the  temperature  respons 
stance  of  great  importance  in  operations  where  a  fin 
of  heat  is  required.     Fourthly,  a  plane  diaphragm  j 
may  be  used  in  any  position,  i,  e.  at  any  desired  an 
the  horizontal  and  vertical    planes.     Fifthly,  the 
method  is  amenable  to  a  variety  of  combustible  gai 
coke-oven  gas  (either  undiluted  or  admixed  with 
natural  gas,  petrol-air  gas,  carburetted  water  gas 
suited  in  cases  where  unimpeded  radiation  is  require 
the  incandescence  in  no  way  depends  upon  the  ext 
sphere.    When  once  the  diaphragm  has  become  in 
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d  the  proportions  of  air  and  gas  supplied  in  the  mixing  chamber 
the  back  have  been  properly  adjusted,  the  surface  will  maintain 
>  incandescence  unimpaired,  even  in  an  atmosphere  of  carbon 
oxide. 

I  need  hardly  point  out  to  you  the  many  obvious  purposes, 
:)inestic  and  industrial,  to  which  "  diaphragm  heating  "  may  be 
pplied.  In  the  domestic  line,  the  boiling  of  water,  grilling, 
)asting  and  toasting  are  at  once  suggested,  and  although  the 
est  existing  types  of  gas  fires  are  thoroughly  hygienic  and  effi- 
Lent,  I  think  that  the  diaphragm  may  come  in  for  the  heating 
f  apartments ;  at  any  rate  experiments  are  being  carried  out  in 
hat  direction. 

I  have  recently  been  told  of  a  large  restaurant  in  London  where 
hey  are  grilling  by  means  of  an  electric  radiator  fixed  horizontally 
ibove  the  work  so  that  the  radiant  energy  is  directed  downwards 
)n  to  it.  It  has  been  claimed  that  the  value  of  the  recovered 
:at,  which  in  the  ordinary  method  of  grilling  drops  into  the  fire 
ind  is  consumed,  has  more  than  paid  for  the  electricity  used. 
With  a  diaphragm,  similar  advantages  can  be  secured  with  gas  at 
a  considerably  less  cost ;  for  comparing  gas  of  net  calorific  value 
500  B.Th.Us.  per  cub.  ft.  at  2s.  6d.  per  1000  cub.  ft.  with  elec- 
tricity at  3^.  per  unit,  the  initial  cost  of  a  given  amount  of  energy 
is  about  14  times  greater  in  the  form  of  electricity  than  in  the 
form  of  gas. 

Turning  now  to  the  industrial  field,  I  had  the  satisfaction  of 
visiting  not  long  ago  a  large  confectionery  factory  where  the 
diaphragms  have  been  employed  for  more  than  a  year  for 
boiling  and  concentrating  sugar  solutions.    The  solution  is  boiled 
in  a  copper  pan  over  a  13-in.  diameter  circular  diaphragm  (see 
Fig.  81) ;  the  supply  of  gaseous  mixture  is  controlled  by  one  lever 
wMch  operates  in  a  single  movement  the  gas  and  air  cocks.    The 
ignition  is  effected  automatically  by  means  of  a  small  pilot  light. 
Each  boiler  does  10  to  12  heats  per  diem,  each  lasting  twenty 
minutes,  and  some  of  the  diaphragms  have  been  in  continuous 
daily  use  for  about  a  year.    I  saw  in  the  factory  a  battery  of  thir- 
teen such  boiling  pans,  all  in  constant  use,  and  was  informed  that 
the  gas  consumption  was  not  more  than  half  what  it  formerly 
used  to  be  when  the  pans  were  heated  over  ordinary  atmospheric 
flame  bumers.    The  secret  of  this  higher  efficiency  lies  in  the 
fact  that  gas  flames  are  a  very  unsatisfactory  means  for  boiling 
liq  'ds  in  metallic  vessels,  owing  to  the  non-conducting  layer  of 
rel    vely  cool  gas  which  forms  between  the  flame  and  the  under- 
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surface  of  the  pan ;  but  with  a  diaphragm  the  laq 
of  radiant  heat  is  quickly  absorbed  by  the  vessel  ai 
to  the  liquid  with  high  efficiency. 

Moreover,  in  evaporating  Uquids  it  is  possible  to 
head  diaphragm,  directing  the  radiation  downwa 
surface  of  the  liquid,  thus  eliminating  altogether 
of  the  containing  vessel.  In  this  way  only  the  uj 
the  Uquid  are  actually  heated  up  to  the  working 
whilst  the  evaporation  is  extraordinarily  rapid 
Given  a  sufficiently  cheap  high-grade  gas  there  woi 
be  endless  possibilities  for  diaphragm  heating  in  1 
field. 


Fig.  8i. 

Incandescent  Surface  Combustion  in  a  Bed  of 

Granular  Material 

The  second  process  is  applicable  to  all  kinds  < 
vaporised  fuels;  it  consists  essentially  in  injectin 
suitable  orifice  at  a  speed  greater  than  the  velo< 
firing,  an  explosive  mixtiure  of  gas  (or  vapoiur)  an< 
combining  proportions  into  a  bed  of  incandescent  gr; 
tory  material  which  is  disposed  aroimd  or  in  proximit 
to  be  heated. 

I  can  perhaps  best  describe  the  process  by  th 
diagrams  showing  its  applications  to  the  heating  of 
muffle  furnaces.  Fig.  82  shows  the  process  as  applied 
furnace.  The  crucible  is  surrounded  by  a  bed  < 
incandescent  granular  material.  The  mixtiure  of  g; 
injected  at  a  high  velocity  through  a  narrow  orifia 
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>1  "the  furnace,  and  as  it  impinges  upon  the  incandescent  bed, 
^oxnbustion  is  instantaneously  completed  without  flame. 

Tl]«  seat  of  this  active  surface  combustion  is  in  the  lowest  part 
3f  the  be'd;  the  burnt  gases,  rising  through  the  upper  layers, 
rapidly  impart  their  heat  to  the  bed,  maintaining  it  in  a  high 
degree  of  incandescence.     Fig.  83  shows  a  similar  arrangement 


Fio.  82. 


for  the  heating  of  a  mufiQe  furnace  which  needs  no  further 

^kfl^lanation. 

''jt  is  obvious  that  tliis  process  is  capable  of  adaptation  to  all 

\ol  furnace  operations,  as,  for  example,  to  the  heating  of 
IBB.  muffles,  retorts,  and  to  annealing  and  foiging  furnaces 
^^  Moreover,  it  is  not  essential  that  the  bed  of  refractory 

^H  'lid  be  very  deep ;  indeed  a  quite  shallow  bed  sufBces 

^M  'he  combustion.     Neither  is  it  necessary  that  the 

^M  "osec'  '  *he  vessel  or  chamber  to  be  heated ; 

^M  **  -:>roducts  is  not  objeotionable,  a 
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shallow  bed  may  be  arranged  within  the  heating  cl 
(Fig.  84,  p.  458) ;  or  the  refractory  material  may  be 
packed  into  tubes,  or  the  like,  traversing  the  s 
medimn  to  be  heated.  The  last-named  modificatit 
shall  see  later,  specially  important  in  relation  to  s 
in  multitubular  boilers. 

By  means  of  this  process  much  higher  temperature 
able  with  a  given  gas  than  by  the  ordinary  methods  o 
bustion  without  a  regenerative  system,  and,  as  a  mi 
we  have  found  that  with  any  gas  of  high  calorific  int 


Fig.  83. 


as  coal  gas,  water  gas,  or  natural  gas)  the  upper 
temperature  limit  is  determined  rather  by  the  refra 
the  material  composing  the  chamber  to  be  heated  (t.  t 
or  crucible)  than  by  the  possibilities  of  the  actual 
itself.  When  I  tell  you  that  in  a  crucible  fired  by  coal 
system  we  have  melted  Seger-cone  No.  39,  which  a 
the  latest  determination  of  the  German  Reichsansta 
1880°  C.  (3416°  F.),  and  also  that  we  can  easily  meii 
you  will  appreciate  the  possibihties  of  the  method  ii 
high  temperatures  with  gas-fired  furnaces. 

The  maximum  temperature  obtainable,  without 
five  "  appliances,  with  any  particular  gas  will  obvioi 
upon  the  relative  heat  capacities  of  their  products  of  < 
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^or  at  given  heat  development  in  the  bed.  In  this  connection, 
it  is  of  interest  to  compare  the  principal  gaseous  fuels  available 
^or  industrial  operations  in  the  order  of  their  calorific  intensities, 
as  follows: — 

TABLE  LXXVII 
The  Combustion  of  Typical  Gaseous  Fuels 


Per  Cubic  Foot  of 
Gas  Burnt. 

Per  100  B.Th.US.  net  de- 
veloped on  Combustion. 

Net 

anuUt 

VoLof 
Air  Re- 
quired. 

VoL 

of 

Products 

Vol.  of 
Air  Re- 
quired. 

VoL  of 
Com- 

Mixtures 

VoL 

of 

Products 

Relative 
Heat 

Caped- 
ties  of 

Products 

Blue  Water  Gas    .     . 

Coal  or  Coke  Oven  Gas 
1  Producer  Gas 

Hlast-fumace  Gas     . 

290 
500 
140 
100 

2*290 
4656 
I-I66 
o»7i6 

2*82 

2*00 
1-58 

079 
093 
0*84 
0*72 

114 

113 

1-50 
I'72 

097 
I -08 

1-43 
1*58 

0-95 
i«oo 

I  38 
1-52 

Now,  whilst  with  coal  gas,  coke-oven  gas  or  water  gas,  it  should 
be  easily  possible,  without  regeneration,  to  obtain  in  a  refractojry 
granular  bed  temperatures  of  up  to  at  least  2000^  C.  (or  say 
3630®  F.),  with  a  low-grade  producer  gas,  such  as  Mond  gas, 
about  1500®  C.  (or  say  2730°  F.),  would  probably  be  the  approxi- 
mate maximum  without  regeneration.  But  with  some  degree 
of  heat  recuperation,  Which  in  large  furnaces  is  quite  practicable, 
still  higher  temperatures  would  be  attainable. 

Moreover,  within  the  maximum  limits,  the  heating  with  any 
kind  of  gas  is  very  tmiform,  economical,  and  controllable ;  indeed 
the  temperature  for  a  given  furnace  fired  by  gas  of  uniform  com- 
position is  chiefly  controlled  by  the  amount  of  gas  burnt,  or  in 
other  words,  the  rate  of  heat  development  in  the  bed.  And  as 
for  economy,  tests  made  about  three  years  ago  in  Leeds  under 
my  supervision  upon  medium-sized  muffle  furnaces  convinced  me 
that  to  maintain  a  given  temperature  between  say  800°  and 
1400°  C,  a  properly  constructed  "  surface  combustion  furnace  " 
would  require  between  70  and  40  per  cent,  only  of  the  gas  used 
in  an  ordinary  flame-heated  furnace  of  the  same  dimensions, 
and  that  the  advantage  in  favour  of  "surface  combustion" 
would  increase  rapidly  with  the  working  temperature. 
This  was  confirmed  by  independent  competitive  trials  carried 
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out  in  New  York  shortly  after  my  lectures  there  in  1 
of  1911,  in  which  our  surface-combustion  furnaces  t 
against  the  best  American  types;  it  was  proved  th 
to  maintain  a  temperature  of  1400**  C.  we  practically  h 
gas  consumption,  whilst  to  maintain  800^  C.  our  cc 
was  about  07  of  theirs. 

Any  one  who  understands  furnace  design  and  const] 
appreciate  the  many  difficulties  which  are  necessarily  e: 
in  applying  a  new  and  revolutionary  idea  of  this  sort  t 
of  large  industrial  furnaces.    Indeed,  the  new  conditio 
ing  are  so  radically  different  from  the  old,  that  a  new 
has  to  be  built  up.    There  are  problems  connected  with 
feeding  and  distribution  of  gaseous  mixture,  with  t 
sions  and  arrangement  of  the  combustion  beds,  anc 
refractiveness  of  the  furnace  walls,  which  have  to 
Nevertheless,  judging  from  reports  that  reach  me  fro 
time,  substantial  progress  has  been  made  in  the  direct 
fired  crucible  furnaces  for  brass  and  aluminium  meltis 
ing  furnaces,  and  forging  furnaces,  the  latter  fired  witl 
gas  with  regeneration  of  gas  and  air.    Some  laige 
furnaces  (for  example.  Fig.  85)  are  now  running  satisfi 
industrial  establishments  on  both  Mond  gas  and  towi 
I  understand  that  brass  melting  can  be  carried  out  in  5 
charges  in  tilting  crucible  furnaces  with  the  remarl 
consumption  of  about  175  cub.  ft.  per  pound  of  mei 
and  poured. 


Surface  Combustion  as  Applied  to  Steam  Ra 

I  now  come  to  an  important  application  of  the  new  ] 
the  raising  of  steam  in  multitubular  boilers ;  not  that  th 
tion  of  surface  combustion  is  limited  to  boilers  of  the  mu 
type,  but  because  our  investigations  have  so  far  been  p 
made  with  these. 

It  is  well  known  that  the  gas-firing  of  steam  boiler 
been  very  successful  from  the  point  of  view  either  o 
efficiency  or  of  rate  of  evaporation.  In  this  country 
available  for  steam-raising  purposes  on  a  large  scale  a 
pally  (i)  blast-furnace  gas,  of  which  there  are  large  surph 
able  in  all  iron-smelting  areas;  (2)  the  surplus  gas  c 
during  the  manufacture  of  coke  in  by-product  ovens 
producer  gas  of  various  compositions,  but  more  particu 
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Txianufactured   under   ammonia   recovery   conditions.    In   the 

United  States,  and  some  other  oil-producing  countries,  natural 

gas  of  high  calorific  power  is  also  available.    All  these  gases  have 

been  found  to  be  amenable  to  the  s}^tem  I  am  about  to  describe. 

It  has  been  estimated  by  a  prominent  British  blast-furnace 

engineer  that  the  thermal  efficiency  of  the  best  t3T)e  of  water-tube 

boiler,  fired  by  blast-furnace  gas,  does  not  exceed  about  55  per 

cent.«  whilst  in  the  case  of  boilers  fired  by  coke-oven  gas  the 

average  thermal  efficiency  probably  does  not  much  exceed  65  to 
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70  per  cent.  But  on  applying  the  principle  of  surface  combus- 
tion to  the  gas-firing  of  multitubular  boilers  we  have  been  able  to 
obtain  results  with  coal  gas  corresponding  to  the  transmission 
of  nearly  95  per  cent,  of  the  nei  calorific  value  of  the  gas  to  the 
water  in  the  boiler. 

Our  first  experiments  in  Leeds  were  made  with  a  single  steel 

tube  3  ft.  in  length  and  3  in.  in  diameter,  packed  with  fragments 

of  granular  refractory  material,  meshed  to  a  proper  size,  and 

fitted  at  one  end  with  a  fireclay  plug,  through  which  was  bored 

a  circular  hole,  f  in.  in  diameter,  for  the  admission  of  the  explosive 

lixture  of  gas  and  air  at  a  speed  greater  than  that  of  back-firing 

?ig.  86).    The  tube  was  fitted  into  an  open  trough,  such  as  you 

1  here  on  t^«  ♦oWa.  in  which  water  could  be  evaporated  at 
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atmospheric   pressure.    After  the   lectiire   my   assis 
demonstrate  the  boiling  of  water  in  this  apparatus. 

Such  a  tube  may  be  appropriately  termed  the  fu 
unit  of  our  boiler  system,  because  boilers  of  almost  an; 
be' constructed  merely  by  multiplying  the  single  tul 
each  tube  is,  so  to  speak,  an  independent  fire  or  unit,  th< 
of  the  whole  is  that  of  the  single  tube,  or  in  other  ^ 
efficiency  of  the  whole  boiler  is  independent  of  the  i 
tubes  fired. 

Experimenting  with  such  a  tube,  it  was  found  possifc 
completely  a  mixture  of  lOO  cub.  ft.  of  coal  gas  plus  5 
of  air  per  hour,  and  to  evaporate  about  100  lb.  of  ^ 
and  at  100**  C.  (212**  F.)  per  hour  (20  to  22  lb.  per 
heating  surface),  the  products  leaving  the  further  end  o 
at  practically  200°  C.    This  meant  the  transmission  to 
of  88  per  cent,  of  the  net  heat  developed  by  the  combu 
an  evaporation  per  sq.  ft.  of  heating  surface  nearly  t 
of  an  express  locomotive  boiler.    The  combustion  of  th 
completed  within  4  or  5  in.  of  the  point  where  it  en 
tube.    Of  the  total  evaporation,  no  less  than  70  per  cent 
over  the  first  linear  foot  of  the  tube,  22  per  cent,  over  t 
foot,  and  only  8  per  cent,  over  the  last  foot.    This  p< 
very  effective  "  radiation  "  transmission  from  the  inc 
granular  material  in  the  first  third  of  the  tube,  where 
of  active  combustion  is  located,  although  it  should  be 
that  the  loci  of  actual  contact  between  the  incandescent 
and  the  walls  of  the  tube  are  so  rapidly  cooled  by  the  trai 
of  heat  to  the  water  on  the  other  side  that  they  never 
temperature  even  approaching  red  heat.    The  granular 
in  the  remaining  two-thirds  of  the  tube  serves  to  bafH< 
products  of  combustion,  and  to  make  them  repeatedly 
with  high  velocity  against  the  walls  of  the  tube,  thus  n 
accelerating  their  cooling,  and  either  preventing  or  mi 
the  formation  of  the  feebly-conducting  stationary  film  of  r 
cold  gases  which  in  ordinary  boiler  practice  clings  to 
walls,  seriously  impairing  the  heat  transmission. 

Having  thus  satisfied  ourselves  of  the  efficiency  of  th 
mental  unit  as  an  evaporator,  we  proceeded  to  construct 
experimental  boiler,  made  up  of  ten  tubes,  each  3  ft.  long ; 
in  diameter,  fixed  horizontally  in  a  cylindrical  steel  shell 
of  withstanding  a  pressure  of  over  200  lb.  per  sq.  ii 
boiler  is  shown  diagrammatically  in  Fig.  87  (section  showi 
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^^bfes  only),  whilst  Fig.  88  is  a  photograph  of  it  (back  view  showing 
feed-'wra.ter  heater).  The  gaseous  mixture  was  forced  through 
'^l^e  tul>es  under  pressure  from  a  special  feeding  chamber  attached 
to  the  front  plate  of  the  boiler;  the  products  of  combustion, 
^fter  leaving  the  boiler,  passed  through  a  small  feed-water  heater 
containing  nine  tubes,  each  i  ft.  long  and  3  in.  in  diameter,  filled 
wdtii  grajiular  material  to  facilitate  the  exchange  of  heat. 

This  combination  of  boiler  and  feed-water  heater  proved 
phenomenally  successful  in  every  way ;  in  a  trial  run  at  Leeds 
on  December  8,  1910,  with  coal  gas  of  net  calori&c  value  362 


i 


B.Th.Us.  per  cub.  ft.  at  N.T.P.,  and  evaporating  at  the  rate 

of  21-6  lb3.  of  vratCT  •*  ftom  and  at  212"  F."  per  sq.  ft.  of  heating 

surface  per  hour,  the  ratio  of  the  heat  utilised  to  the  net  heat 

developed  in  the  tubes  was  0-943.     But  this  remarkable  result 

'~       -jipsed  in  another  indepen<^nt  trial  carried  out  by  German 

■xTS  in  London  on  January  8,  1913,  when,  with  coal  gas 

caloriBc  value  310  BTh-Us.  per  cub.  ft.  at  N.T.P.,  and 

ing  at  the  enonnouily  high  rate  of  33-9  lbs. "  from  and  at 

per  sq.  ft,  of  beating  surface,  the  ratio  of  the  heat 
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utilised  to  the  net  heat  developed  by  combustion  wi 
The  details  of  ttese  tests  aie  ^io¥^  herewith : — 

TABLE  LXXVIII 


1.  Net  cal.  value  of  gas :  B.Th.Us.  per  cub.  ft.  at 

N.T.P 

2.  Rate  of  evaporatioa :  Lbs.  of  water  per  sq.  ft. 

heating  surface  per  hour  (from  and  at  212* 
Fahr.) 

3.  Pressure  of  gaseous  mixture  entering  the  tubes  : 

Inches  W.G 

4.  Pressure  of  products  entering  the  feed  water 

heater  :  Inches  W.G 

5.  Steam-gauge  pressure :  Lbs.  above  atmospheric 

6.  Boiling  point  of  the  water  :  Fahr.  Degrees 

7.  Temperature   products   leaving   boiler :    Fahr. 

Degrees 

8.  Temperature  products  leaving  feed-water  heater : 

Fsihr.  Degrees 

9.  Net   heat   supplied   to   the   boiler   per   hour : 

B.Th.Us 

10.  Net  heat  transmitted  per  hour  :  B.Th.Us.  . 

Efficiency  Ratio 


I. 
Dec.  8, 
1910. 


562 

21*6 

17-3 

2*0 
100 
338* 

446* 

203^ 

559,800 
527,800 


0-943 


The  iio-Tube  Boiler  at  the  Skinningrove  Ironwc 

Six  months'  continuous  experience  with  our  first  expei 
unit  gave  us  great  confidence  in  its  reliability,  so  that  ^ 
the  early  months  of  1911  we  received  an  enquiry  from  tl 
ningrove  Iron  Co.,  Ltd.,  for  a  boiler  of  about  ten  times  the  c 
of  the  experimental  unit,  to  be  fired  by  means  of  the  surj 
from  their  new  Otto  by-product  coking-plant,  we  had  no 
tion  in  accepting  a  conmiission  to  instal  our  first  large  boile 
under  a  strict  guarantee  as  to  its  output  and  efficiency 
boiler  (Fig.  89)  was  built  by  Messrs.  Richardsons  and  Wes 
Ltd.,  of  Middlesbrough,  to  the  design  of  Mr.  Michael  Lor 
to  whom  I  had  been  indebted  for  much  valuable  advi 
encouragement  during  the  earlier  experiments.     It  consis 
cylindrical  drum  10  ft.  in  diameter  and  4  ft.  from  front  t< 
traversed  by  no  steel  tubes,  each  of  3  in.  internal  dii 
which  are  packed  with  fragments  of  suitable  refractory  gi 
material.    To  the  front  of  the  boiler  is  attached  a  sf 
designed  feeding  chamber  which  delivers  washed  coke-o\ 
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utilised  to  the  i 
The  details  of  tli 


I.  Net  cal.  V, 

NT  R 
X.  R*te  ol  i-\ 

healini; 


^.  PreMiiti    . 
6.   Boiling  r 

8.  Tenner, 1 1 

hal.r    !■ 

9.  Net    li'..: 

B.TIl  1 
10.  Net  li>-.a  > 


The  iiu-li  . 

Six  munih-  ■ 
unit  gave  u~  - 
the  early  nvii;. 
ningrove  Iron  •. 
of  the  expiTiii.. 
from  thfir  ikm  > 
tioninaccLjiiu. 
under  a  siritt  . 
boiler  (l-'ifi.  H'ji  ^' 
Ltd.,  of  Middl.. 
to  whom  I  li.t  ! 
encourage  ni(im    , 
cyiindricaJ  druu. 
traversed  by  n 
which  are  patki.; 
material.     To  li,. 
designed  feeding  ■ 
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:,  and  under  a  pressure  of  i  to  2  in.  W.G.,  to 

combustion  tubes;    this  gas.  together  with  a 

iion  of  air   from   the  outside   atmosphere,  is 

;tion  from  a  fan,  through  a  short  mixing  tube, 

said  combustion  tubes,  where  it  is  burnt  without 

with  the  incandescent  granular  material.    The 

ibustion  having  traversed   the  4-ft.   length  of 

outwards  into  a  semicircular  chamber  at  the 

T,  and  thence  through  a  duct  to  the  tubular 

The  fan  which  is  attached  just  beyond  this 

sr  and  is  driven  by  a  three-phase  A.C.  electric 


fthe  cooled  products,  at  a  temperature  of  100°  C. 
and  discharges  them,  through  a  short  vertical 
ipbere.     The  arrangement  of  the  whole  plant 
tpanying  diagram  (Fig.  90). 

ifuUy  started  up  on  November  7,  1911, 

ay  and   night   continuously— after 

official  inspection  by  the  representa- 

Company.     Everything  worked  without 

was  generated,  at  100  lb.  gauge 

of  about  four  degrees  of  hardness, 

^^  of  the  waste  gases  leaving  the 

C.  {say  175°  Fahr.),  a  sure 

mcy  of  the  plant.     When, 


Ratio 


SURFACE  COMBUSTION 
Heat  utilised 


Net  tieat  supplied 

)y  fan 
[Suction  =  20  in.  W.G.] 


Power  taken  by  fan     J  ^  g^^  ^^^^ 


=  0-927^ 

(say)  8-2  H.P. 


The  heat  balance  of  the  test  is  as  follows,  and  for  purposes  of 
comparison  I  will  give  the  heat  balance  for  a  trial  of  a  maiine 
boUer  fired  with  a  good  steam  coal  of  net  calorific  value  13,800 
B.Th.Us.  per  lb.  (volatile  matter  =  i6-i  per  cent.). 
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Gas-fired 
Surface  Combus- 
tion BoUer. 

Coal-fired 
Boiler. 
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I  in  Burnt  Gases      .     .     . 
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Bate  of  Evaporation  in  lbs.  per  sq. 
ft.  heatiDg  surface  per  hour     .     . 

■43 

Per  tent. 
4-0 

1000 

1000 

Mi 

H-3 

The  engineer  who  superintended  these  trials  was  very  anxious 
to  find  out  whether,  in  view  of  the  intensity  of  the  combustion 
and  the  high  rate  of  heat  transmission,  the  boiler  tubes  after  five 
months  continuous  running  day  and  night  would  show  any  ogns 
of  deterioration.  Consequently,  one  of  the  boiler  tubes,  selected 
by  him,  was  cut  out  and  subjected  to  severe  mechanical  tests, 
similar  tests  being  simultaneously  made  with  a  new  and  unused 
■^  boiler  tube  of  same  dimensions.  The  results  proved  conclusively 
'gt  the  five  months  ser\ice  had  not  in  any  way  impaired  the 
aical  properties  of   the   boiler  tubes,  thus  fal^ying  the 

lid  be  stated  that  the  boiler  was  not  laegti  dnriitg  the  trial, 
figure  would  have  been  about  0-94. 

the  steam  equivateat  of  the  pOTcr  <uniSQmed  la  driving 

^kinniogrove  boiler,  the  "  ovtr-all  ef/icienBy  "  of  the  plant 

btr  cent.     To  cnraplete  the  comparison,  the  coal-fired 

-imilar'  '  with  the  power  (whether  hnman  or 


W  the  f 


•SURFACE   COMBUSTION' 

commercial  scale  in  Gennany,  and  in  anticipation  of  the  publica- 
tion of  the  results  of  the  official  German  trial,  I  wish,  with  your 
kind  permission,  to  mention  a  matter  which,  although  it  may 
appear  personal,  is  nevertheless  bound  up  with  the  credit  of 
Britisb  scientific  invention. 

This  boiler,  invented  and  developed  as  it  was  in  Leeds,  by  a 
group  of  British  chemists,  all  University  trained  men,  aided  by 
the  advice  of  Mr.  Michael  Longridge  and  by  the  enterprise  of  my 
friends  of  the  Skinningrove  Iron  Co.,  may  tnily  be  clamed  as  an 
"  ail-British"  invention,  if  ever  there  was  one.  Nevertheless, 
it  has  recently  been  described  in  the  German  technical  press  as 
the  "  Bone-Schnabel,"  or  the  "  Schnabel-Bone  "  boiler,  instead 
of  the  "  Bonecourt  "  boiler,  as  it  should  be.  It  may  be  necessary 
at  some  future  time  to  deal  more  fully  with  this  aspect  of  the 
matter,  but  to-night  I  will  content  myself  with  a  protest  against 
any  attempt  to  claim  or  represent  this  boiler  as,  in  part,  a  German 
invention. 

I  have  perhaps  said  enough  already  about  the  boiler  and  its 
working  to  convince  you  that  it  combines  high  thermal  efficiency 
and  concentration  of  power,  in  a  unique  degree,  and  perhaps  I 
may  be  permitted  to  summarise  the  other  important  advantages 
which  may  be  claimed  for  it.  Firstly,  bom  the  constructional 
point  of  view,  nothing  could  be  sim[^r  or  more  compact  than  a 
cylindrical  shell  only  4  ft.  long  by  10  ft.  in  diameter,  traversed 
by  straight  tubes,  supported  on  a  casting,  and  requiring  neither 
elaborate  brickwork  setting  nor  expensive  chimney  flues  and 
stack.  Secondly,  it  has  a  farther  advantage  over  all  multitubular 
boilers  in  that  the  front  plate  can  never  be  heated  beyond  the 
temperature  of  the  water,  however  much  the  firing  may  be 
forced,  a.  circiunstance  which,  coupled  with  the  extremely  short 
length  of  the  tubes,  implies  an  absence  of  strain  and  greatiy 
reduces  the  risk  of  leaky  joints.  Thirdly,  the  high  rate  of  mean 
evaporation  obviates  scaUng  troubles,  and  the  very  steep  evapora- 
tion gradient  along  each  tube  causes  a  considerable  natural 
circulation  of  water  in  the  boiler,  a  factor  of  great  importance  from 
the  point  of  view  of  good  and  efiicient  working.  In  this  connec- 
tion I  may  remind  you  that  under  normal  working  conditions 
rain  a  7nean  evaporation  uf  20  lbs.  per  sq.  ft.  of  heating 
per  boor,  and  can,  if  need  be,  force  this  up  to  35  lbs. ;  of 
^  "  o  per  cent,  occurs  over  the  first  third 

cent,  over  the  second  third,  and  only 
ird.    Fourthly,  inasmuch  as  each  tube 
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